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Introduction 

INTRODUCTION 
INTRODUCTION TO THE FAMILY OF SMALL HEAT SHOCK PROTEINS 
Analyses of proteins that are induced by heat shock or other physiological stresses have 
identified several protein families, such as HSP60, HSP70, HSP90 and the small HSPs (for 
reviews see Morimoto et al, 1994, and Lindquist and Craig, 1988). These proteins turned 
out to be involved not only in cellular protection against these stresses, but also in 
biochemical processes in unstressed cells. Small HSPs are found in a wide variety of 
species, from prokaryotes, fungi and plants to parasitic eukaryotes, insects and vertebrates 
(reviewed by Caspers et al, 1995). Four different small HSPs are recognized in mammals. 
Firstly, ocA- and aB-crystallin have been discovered as subunits of the major soluble eye 
lens protein a-crystallin. Determination of the primary sequence of both proteins from 
bovine eye lens revealed an identity of about 55% (Van der Ouderaa et al, 1973; Van der 
Ouderaa et al, 1974). Then α-crystallins were found to be homologous to four Drosophila 
small HSPs (Ingolla and Craig, 1982), but the functional significance of this relation 
remained unclear. The primary structure of a single small HSP that does show properties of 
a heat shock protein was identified as HSP27 in human (Hickey et al, 1986) and HSP25 in 
mouse (Gaestel et al, 1989). When α-crystallins were discovered to be expressed in other 
than lens tissues (Bhat and Nagineni, 1989; Iwaki et al, 1989; Kato et al, 1991a), αΒ-
crystallin (Klemenz et al, 1991b; Aoyama et al, 1993a), and later αΑ-crystallin (Van den 
Ossei et al, 1994), were also recognized as functional small HSPs. Like' other heat shock 
proteins, small HSPs display a chaperone-like activity which currently is subject of many 
investigations (Horwitz, 1992; Jakob et al, 1993; Merck et al, 1993a). Most recently, a 
fourth member of the mammalian small HSP family has been described (Kato et al, 
1994a). This protein, called p20, is homologous to small HSPs, but has not yet been 
functionally identified as a heat shock protein. 
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RELATIONSHIPS BETWEEN MAMMALIAN SMALL HEAT SHOCK PROTEINS 
The evolutionary relation between the small HSPs is mainly apparent from the homology 
of their so-called "a-crystallin domain" (Fig. 1). This is the second of the two domains in 
the a-crystallin subunits as proposed by Wistow (1985). Despite extensive research, there 
still is little or no information about the tertiary structure of small HSPs, mainly due to the 
fact that no crystals of these proteins can be obtained. Based on the notion that exons often 
code for protein domains, Wistow reasoned that the first exon of aA- and aB-crystallin 
corresponds with one structural domain (Fig. 1). The second exon of only 41 amino acids 
encodes a structural motif which is duplicated in the first part of the third exon, and both 
motifs then form the α-crystallin-domain. This leaves a C-terminal extension of 21-31 
amino acids. However, the discovery that the C-terminal 8, 10 and 18 amino acids of aA-, 
aB-crystallin and HSP25, respectively, are very flexible (Carver et al, 1992; Carver et al, 
1995a), rather suggests that the α-crystallin-domain ends where flexibility starts, i.e. at 
residue 164 in aA-crystallin (position 198 in Fig. 1). The extended similarity up to this 
position supports this idea (asterisks in Fig. 1). To give an impression of the degree of 
similarity in the different domains a few comparisons are presented in Tables 1 and 2. 
In Table 1 the conservation of aA-, aB-crystallin and HSP25/27 sequences in different 
mammalian species is revealed, comparing the human sequence with a rodent one, either 
rat (aA and aB) or mouse (HSP25). No significant difference in the level of sequence 
identity between both domains is observed, at least in aA- and аВ-crystallin. In contrast, 
the first domain of HSP25/27 is less conserved than its second domain and in addition the 
length of this domain is variable. Furthermore, its C-terminal extension is less conserved, 
which might explain the fact that antisera against HSP25/27 do not usually cross-react with 
the corresponding proteins from different species, whereas those against aA- or aB-
crystallin do. 
Fig. 1. Sequence comparison of mammalian small heat shock proteins. Alignment of human 
(HU), rat (RA) and bovine (BO) aA- and аВ-crystallin and human, murine (MO) and Chinese 
hamster (CH) HSP25/27 amino acid sequences. Arrows (4-) indicate where introns are located in 
the human genes, a's mark the beginning and end of the "a-crystallin domain". The asterisks mark 
identical residues in all sequences, revealing that the a-crystallin domain is the most conserved part 
of this protein family. F indicates where the flexible extension begins. The residues are numbered 
as indicated to the left of the sequences. Numbers above the human αΑ-crystallin sequence mark 
the position in the alignment. 
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1 60 
αΑ-HU 1 MDVTI QHPWFKRTLG PFY. . PSRLF DQFFGEGLFE YDLLPFLSST ISPYY 
aA-RA 1 MDVTI QHPWFKRALG PFY. .PSRLF DQFFGEGLFE YDLLPFLSST ISPYY 
aA-BO 1 MDIAI QHPWFKRTLG PFY. .PSRLF DQFFGEGLFE YDLLPFLSST ISPYY 
aB-HU 1 MDIAI HHPWIRRPFF PFHS.PSRLF DQFFGEHLLE SDLFPTSTS. LSPFYLR... 
aB-RA 1 MDIAI HHPWIRRPFF PFHS.PSRLF DQFFGEHLLE SDLFSTATS. LSPFYLR... 
aB-BO 1 MDIAI HHPWIRRPFF PFHS.PSRLF DQFFGEHLLE SDLFPASTS. LSPFYLR... 
HS-HU 1 MTERRVPFSL LRGPSWDPFR DWYP.HSRLF DQAFGLPRLP EEWSQWLGGS SWPGYVRPLP 
HS-MO 1 MTERRVPFSL LRSPSWEPFR DWYPAHSRLF DQAFGVPRLP DEWSQWFSAA GWPGYVRPLP 
HS-CH 1 MTERRVPFSL LRSPSWEPFR DWYPAHSRLF DQAFGVPRLP DEWSQWFSAA GWPGYVRPLP 
**** ** ++ * * 
61 * 120 
aA-HU 49 RQS LFRTV. . . LD SGISEVRSDR DKFVIFLDVK HFSPEDLTVK 
aA-RA 4 9 RQS LFRTV. . . LD SGISEVRSDR DKFVIFLDVK HFSPEDLTVK 
aA-BO 4 9 RQS LFRTV. . . LD SGISEVRSDR DKFVIFLDVK HFSPEDLTVK 
i 
aB-HU 51 PPS FLRAPSW. FD TGLSEMRLEK DRFSVNLDVK HFSPEELKVK 
aB-RA 51 PPS FLRAPSW. ID TGLSEMRMEK DRFSVNLDVK HFSPEELKVK 
aB-BO 51 PPS FLRAPSW. ID TGLSEMRLEK DRFSVNLDVK HFSPEELKVK 
HS-HU 60 PAAIESPA VAAPA YSRALSRQLS SGVSEIRHTA DRWRVSLDVN HFAPDELTVK 
HS-MO 61 AATAEGPAAV T....LAAPA FSRALNRQLS SGVSEIRQTA DRWRVSLDVN HFAPEELTVK 
HS-CH 61 AATAEGPAAV ALAAPLAAPA FHRALNRQLS SGVSEIRQTA DRWRVSLDVN HFAPEELTVK 
* * *+a* * + + + +* * * ** 
121 t 1Θ0 
aA-HU 89 VQDDFVEIHG KHNERQDDHG YISREFHRRY RLPSNVDQSA LSCSLSADGM LTFCGPKIQT 
aA-RA 89 VLEDFVEIHG KHNERQDDHG YISREFHRRY RLPSNVDQSA LSCSLSADGM LTFSGPKVQS 
aA-BO 89 VQEDFVEIHG KHNERQDDHG YISREFHRRY RLPSNVDQSA LSCSLSADGM LTFSGPKIPS 
i 
aB-HU 93 VLGDVIEVHG KHEERQDEHG FISREFHRKY RIPADVDPLT ITSSLSSDGV LTVNGPRKQV 
aB-RA 93 VLGDVIEVHG KHEERQDEHG FISREFHRKY RIPADVDPLT ITSSLSSDGV LTVNGPRKQA 
aB-BO 93 VLGDVIEVHG KHEERQDEHG FISREFHRKY RIPADVDPLA ITSSLSSDGV LTVNGPRKQA 
i * 
HS-HU 113 TKDGWEITG KHEERQDEHG YISRCFTRKY TLPPGVDPTQ VSSSLSPEGT LTVEAPMPKL 
HS-MO 117 TKEGWEITG KHEERQDEHG YISRCFTRKY TLPPGVDPTL VSSSLSPEGT LTVEAPLPKA 
HS-CH 121 TKEGWEITG KHEERQDEHG YISRCFTRKY TLPPGVDPTL VSSSLSPEGT LTVEAPLPKT 
* * ** **** +* *** + * * * *+ *** * ** * 
181 215 
aA-HU 149 GLDATHAERA IPVSREEKP. . TSAPSS 173 
aA-RA 149 GLDAGHSERA IPVSREEKP. . SSAPSS 173 
aA-BO 149 GVDAGHSERA IPVSREEKP. .SSAPSS 173 
aB-HU 150 SG. . . .PERT IPITREEKPA VTAAPKK 175 
aB-RA 150 SG. . . .PERT IPITREEKPA VTAAPKK 175 
aB-BO 150 SG PERT IPITREEKPA VTAAPKK 175 
HS-HU 173 ATQS..NEIT IPVTFESRAQ LGGPEAAKSD ETAAK 205 
HS-MO 177 VTQS..AEIT IPVTFEARAQ IGGPEAGKSE QSGAK 209 
HS-CH 181 ATQS..AEIT IPVTFEARAQ IGGQEAGKSE QSGAK 213 
a
 * ** * ρ 
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Table 1. Interspecies comparison of mammalian «A-, orB-crystallin or HSP25/27 amino acid 
sequences. Identities between the domains or the whole proteins are based on that part of the 
alignment containing no gaps in all sequences analyzed and are given as percentages. Domain 2 is 
the extended α-crystallin-domain. C-terminal extension is the flexible tail comprising the final 8, 10 
or 18 residues for aA-, aB-crystallin and HSP25/27, respectively. 
small HSP sequences domain 1 domain 2 C-terminal whole 
compared extension sequence 
α A human/rat 98 93 88 95 
ctB human/rat 96 98 100 97 
HSP25/27 human/mouse 82 91 67 85 
In Table 2 the human aA-, aB-crystallin and HSP27 sequences are compared with each 
other. There is no difference in degree of similarity observed between the first and second 
domain when aA- and aB-crystallin are compared. They even share a large part of their 
C-terminal extension. When both α-crystallins are compared with HSP27, a clear 
difference between the domains arises. Indeed the a-crystallin-domain is much more 
similar, although a significant box of 9 residues in the first domain is highly conserved 
(Fig. 1). Furthermore, HSP25/27 has several insertions, including a large one in its first 
domain, and all homology in the C-terminal extension has disappeared. These data confirm 
those in the phylogenetic tree of mammalian small HSPs where aA- and aB-crystallin are 
more related to each other than to HSP25/27 (Caspers et al, 1995), although Table 2 
reveals that aB-crystallin is more similar to IISP27 than αΑ-crystallin, mainly due to a 
higher similarity in the a-crystallin-domain. 
Exon distribution is not conserved between the α-crystallin and HSP27 genes (Fig. 1). 
Apparently, somewhere in the evolution of the different small HSPs this distribution must 
have changed, since mammalian small HSPs are believed to share one common ancestral 
gene (Van den Heuvel et al, 1985; Caspers et al, 1995). Whether the altered exon 
distribution reflects another structural design remains unclear, but the conservation of the 
α-crystallin domain and other structural properties rather indicate that at least the structure 
of this domain is conserved between the different small HSPs. Since more evidence 
emerges for the existence of two domains in α-crystallin (Carver et al, 1993), it is now 
generally believed that small HSP polypeptides comprise two domains and a C-terminal 
flexible extension. 
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Table 2. Comparison between the human small HSPs. The human aA-, aB-crystallin and 
HSP27 amino acid sequences are compared with each other. Identities between the domains or the 
whole proteins are based on that part of the alignment containing no gaps in all sequences analyzed 
and are given as percentages. Domain 2 is the extended α-crystallin-domain. C-terminal extension 
is the flexible tail comprising the identity of residues in positions 198-207 as in the alignment in 
Fig. 1. aA-aB-HSP27 represent the identity of all 3 proteins. 
sequences 
compared 
domain 1 domain 2 C-terminal 
extension 
whole 
sequence 
αΑ-αΒ 
56 56 63 57 
aA-HSP27 30 49 40 
aB-HSP27 31 54 48 
aA-aB-HSP27 26 42 34 
STRUCTURAL PROPERTIES OF SMALL HEAT SHOCK PROTEINS 
Secondary and tertiary structure 
Experimental support for the existence of a two-domain structure is based on biophysical 
data, which reveal that the C-terminal domain is less stable than the N-terminal domain 
upon unfolding in urea (Van den Oetelaar and Hoenders, 1989; Carver et al, 1993). 
Furthermore, the separately expressed C-terminal domains of aA-, aB-crystallin and 
HSP25, containing both the a-crystallin domain and the C-terminal extension, are soluble 
and properly folded as indicated by their native-like secondary structure (Merck et al, 
1993b). Moreover, these domains can inhibit elaslase activity in vitro and thus retain this 
functional activity of the wild-type proteins (Voorter et al, 1994). In addition, as a results 
of alternative splicing of the primary transcript (King and Piatigorsky, 1984), an insertion 
of 23 amino acids is allowed exactly between the first and second domain in rodent aA-
crystallins (Hendriks et al., 1990), resulting in aAms-crystallin. 
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The first domain is relatively hydrophobic in contrast to the hydrophilic C-terminal domain 
and extension. The hydrophilicity of the C-terminal domain was reason to suppose that this 
domain is relatively more exposed. Experimental evidence for this assumption is based on 
the observation that a-crystallins in the eye lens are subjected to various kinds of post-
translational modifications, which mostly occur in the C-terminal part of the proteins 
(Groenen et al, 1994). Moreover, major epitopes for antibodies against αΑ-crystallin are 
found in the C-terminus (Hendriks et al, 1988; Takemoto and Emmons, 1992) and when 
the C-terminal 23 amino acids are deleted from the C-terminal domain of αΑ-crystallin, 
most of the reactivity of a polyclonal antiserum against the whole protein is lost (P. van 
den IJssel, unpublished results). The flexibility of the C-terminal extension (Carver et al., 
1992; Carver et al, 1995a) also indicates that this region must be fully solvent-exposed, as 
is illustrated by the observation that the extension of HSP25 is as flexible as a peptide with 
the same amino acid sequence (J. Carver, pers. comm.). However, recent experiments have 
demonstrated that a region comprising the N-terminal amino acid residues 3-10 in αΑ-
crystallin are, although hydrophobic, also surface-exposed (Smith et al, 1996). 
The secondary structure of a-crystallins (Li and Spector, 1974) and HSP25 (Merck et al, 
1993a) is very similar, consisting predominantly of ß-sheet and at most 10% of α-helix. 
This is confirmed by secondary structure predictions of the a-crystallin-domain (Caspers et 
al, 1995), which also revealed a two-motif structure of this domain in which the residues 
comprising ß-sheets are located in the relatively hydrophobic regions and the two motifs 
are connected by a very hydrophilic α-helix. 
Using the latest computer programs tertiary structure models of a-crystallin subunits have 
been obtained (Farnsworth et al, 1994). However, these authors divide the a-crystallin 
sequence into an N- and C-terminal domain, encoded by the first and third exon, 
respectively, and an interconnecting α-helical peptide chain, encoded by the second exon, 
which is not consistent with the present data about the two domains, their secondary 
structure and the flexibility of the C-tcrminal extension. 
Quaternary structure 
The quaternary structure of small HSPs has been extensively studied. Although their 
subunit size is small, both in vitro and in vivo these proteins form large, polydisperse 
complexes of 400-800 kDa (Bloemendal, 1977; Siezen and Berger, 1978; Van den Oetelaar 
et al, 1985; Chiesa et al, 1990; Arrigo and Welch, 1987; Behlke et al, 1991; Klemenz et 
al, 1993). Eye lens α-crystallin is a heteropolymeric complex composed of α A- and αΒ-
crystallin subunits of which the ratio varies between different species (De Jong et al, 
1993). аВ-crystallin and HSP27 can form a complex in cultured cells (Zantema et al, 
1992; Kato et al, 1993b), and both proteins are copurified from human skeletal muscle 
(Kato et al, 1992). In murine lens extract HSP25 is found in the high molecular weight a-
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crystallin fraction (Klemenz et al, 1993). In vitro, both homo- and heteropolymeric 
complexes of aA-, aB-crystallin and HSP25 subunits can exist, having comparable sizes 
(Merck et al, 1993a). This indicates that these proteins have a similar structural design and 
do not necessarily need each other to form complexes. Moreover, subunits can be 
exchanged between complexes (Van den Oetelaar et al, 1990). In electron microscopy a-
crystallin complexes mostly appear as spherical structures with a diameter of 10-15 nm 
(Siezen et al, 1978; Koretz and Augusteyn, 1988), but non-spherical particles have been 
observed (Longoni et al, 1990b; Deretic et al, 1994). A sheet-like form has been reported 
for a-crystallin complexes from lens extracts that were cross-linked with glutaraldehyde 
(Stevens et al, 1996). Furthermore, higher temperatures during the renaturation of a-
crystallin in vitro also revealed increasing amounts of sheet-like structures (Clauwaert et 
al, 1989). Biophysical data demonstrated that eye lens a-crystallin consists of at least two 
different subpopulations, which are not in dynamic equilibrium with each other and contain 
either spherical or more extended, ellipsoidally and/or cylindrically shaped molecules (Van 
Haeringen et al, 1992; Van Haeringen et al, 1993). 
Several models have been proposed for the quaternary structure of a-crystallin to explain 
various results. Initially, a concentric three-layer model has been proposed by Bindels et al 
(1979) and later modified by Tardieu et al (1986) (Fig. 2, A and В). A variable 
occupation of subunits in the outer layers then could explain differences in the molecular 
mass and shape of the complexes. By separate expression and isolation of the recombinant 
N- and C-terminal domains of αΑ-crystallin it has been shown that the C-terminal domain 
forms tetrameric complexes, whereas the N-terminal domain assembles into large 
aggregates (Merck et al, 1992). However, this property of the αΑ-crystallin C-terminal 
domain is not shared by the C-terminal domains of aB-crystallin and HSP25 which 
themselves form larger complexes (Merck et al, 1993b). Nevertheless, given a possible 
tetrameric composition of the C-terminal domain, Wistow (1993a) proposed a rhombic 
dodecahedron model for α-crystallin composed of 48 subunits (Fig. 2C). 
Based on the amphiphilic character of the subunits, Augusteyn and Koretz (1987) 
suggested a micellar structure for α-crystallin. This could explain the variability in particle 
size, resulting in its inability to crystallize, and that the C-terminal domains appear to be 
the most surface-exposed. A computer-generated model of the quaternary structure, which 
is again based on the computer-generated tertiary structure, supports a micellar arrangement 
of the subunits (Groth-Vasselli et al, 1995). Experiments have been carried out to 
investigate the micellar properties of α-crystallin (Radlick and Koretz, 1992; Carver et al, 
1994a; Loutas et al, 1996). A critical micel concentration (cmc) has been observed for 
total α-crystallin, although in contrast to synthetic surfactants, α-crystallin retains its 
polymeric structure below the cmc instead of becoming monomelic. In contrast, isolated 
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ah- or аВ-crystallin subunits did not display a distinct cmc. In fact, one can argue that a-
crystallins as molecular chaperones do function as a surfactant in that they can stabilize 
other proteins in the process of denaturation. Thus, although not a genuine surfactant, cc-
crystallins do exhibit properties consistent with a micellar structure. Carver et al. (1994b) 
reasoned that the volume of the ct-crystallin subunits only accounts for about 45% of the 
volume of the whole complex. Therefore, a hole or holes must be present in the complex, 
which led to the hypothesis that a-crystallin adopts a structure similar to that of other 
chaperones (Fig. 2D). Such a structure can also explain several of the surfactant properties, 
and in addition does not exclude the N-terminal domain being accessible for post-
translational modifications such as the phosphorylation of аВ-crystallin. From hydrogen-
deuterium exchange experiments it has been concluded that all monomeric subunits of a-
crystallin had the same exposure to solvent when the temperature was raised from 10°C to 
80°C (Smith et al, 1996), which is not consistent with a three layer model, but can satisfy 
the other models. 
A B C D 
Fig. 2. Schematic representations of various models for the quaternary structure of a-
crystallin. A, Three-layer model of Bindels et al. (1979) composed of a core of 13 subunits, a 
second layer of 14 subunits and an outer layer of 16 chains. The white and dark spheres indicate 
the aA- and аВ-crystallin subunits. respectively. B, Three-layer model of Tardieu et al. (1986). 
First layer is made up of 12 subunits (grey spheres), the second layer of 24 subunits (white 
spheres) and the third layer of 12 subunits (dark spheres). C, Rhombododecahedric structure model 
by Wistow (1993a) is composed of 48 subunits and has 12 faces. Each face consists of the C-
terminal domains (indicated by peanut-shapes) in a tetrameric arrangement formed through identical 
a-b interactions. The tetramers associate by identical c-d interactions. D, GroEL-like structure of 
Carver et al. (1994b). Two annuii each of 20 subunits, laid on top of each other. The smaller 
spheres indicate the N-terminal domain of each subunit and the larger spheres the C-terminal 
domains. The squiggly lines indicate the flexible C-terminal extensions. Figure taken from Boelens 
and De Jong (1995). 
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Physicochemical properties 
α-crystallins are known to be very stable proteins which do not denature at temperatures up 
to 100°C (Maiti et ai, 1988). NMR-measurements also revealed a large thermostability up 
to 75°C (Carver et ai, 1993), but a thermal transition at 60°C has been observed by 
differential scanning microcalorimetry, suggesting a lower conformational stability 
(Gesierich and Pfeil, 1996). The same study revealed that the minimum cooperative 
melting structure of aA- and aB-crystallin is a monomer, in contrast to that of HSP25/27 
where this is a dimer (Dudich et ai, 1995), indicating that α-crystallins are more closely 
related to each other than to HSP25 with respect to thermal transition. HSP25 shares the 
thermostability of α-crystallins as determined by circular dichroism (Dudich et ai, 1995). 
Furthermore, IISP25 can, like both α-crystallins, function as a molecular chaperone at least 
up to 58°C (Merck et ai, 1993a). By tryptophan fluorescence measurements it has been 
established that with increasing urea concentrations α-crystallin subunits dissociate rather 
than denature (Siezen and Bindels, 1982). Such measurements revealed similar transition 
points for aA-, aB-crystallin and HSP25 upon dissociation in urea at pH 7.0 (Merck et ai, 
1993a). Parallel experiments showed that aB-crystallin is less stable in urea at pH 6.0 and 
this was confirmed by NMR-measurements (Carver et ai, 1993). In fact, at pH 2.5 aB-
crystallin is totally denatured and dissociated whereas αΑ-crystallin retains its secondary 
structure and keeps forming complexes of about 160 kDa which corresponds to an 
oligomer of 8 subunits (Stevens and Augusteyn, 1993). Functionally, this difference in 
stability might be reflected in the fact that chaperone-like activity of aB-crystallin, which 
at physiological temperatures is higher than that of αΑ-crystallin (Sun et ai, 1997, M. van 
Boekei, pers. comm.), becomes lower at elevated temperatures (Van Boekel et ai, 1996). 
Post-translational modifications 
The structure of small HSPs can be post-translationally modified either by enzymatic or 
non-enzymatic reactions. Due to the low turnover of lens proteins, non-enzymatic 
modifications, such as glycation, deamidation, racemization, isomerization, truncation, 
carbamylation, oxidation and subsequent cross-linking, can accumulate to significant levels 
upon aging of the lens. In addition, enzymatic modifications, such as N-terminal 
acetylation, glycosylation, transglutaminase-mediated cross-linking and phosphorylation 
occur in the eye lens. Both aA- and aB-crystallin are subject to these modifications 
(extensively reviewed by Groenen et ai, 1994). In other than lens cells, having a higher 
protein turnover, enzymatic modifications are more likely to play a role than non-
enzymatic modifications. Glycosylation of both aA- and aB-crystallin occurs in the eye 
lens through modification with O-linked N-acetylglucosamine (Roquemore et ai, 1992), 
but recently similar glycosylation of aB-crystallin from rat heart and human astroglioma 
cells has been described (Roquemore et ai, 1996). Like αΒ-crystallin (Groenen et ai, 
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1992), the carboxy-terminal lysine of HSP25 has been shown to be a substrate for tissue-
transglutaminase in vitro (Merck et ai, 1993a), but no data are available for in vivo cross-
linked aB-crystallin or HSP25, although a specific binding of the transglutaminase platelet 
factor XIII to HSP27 has been observed (Zhu et ai, 1994b). 
Clearly, phosphorylation of small HSPs is the best studied of the enzymatic modifications. 
Both aA- and aB-crystallin in the bovine lens are phosphorylated through cAMP-
dependent kinases to levels of up to 30% each, but these levels are different among various 
species (Spector et ai, 1985; Voorter et ai, 1986; Chiesa et ai, 1987c). In aA-crystallin 
mainly a single serine at position 122 is phosphorylated and the replacement of this serine, 
as occurs in chicken, indeed abolishes phosphorylation of αΑ-crystallin (Voorter et ai, 
1986; Chiesa et ai, 1987b). Bovine lenses labeled with 32P-ATP in organ culture revealed 
phosphorylation sites in aB-crystallin at serines 45 and 59 (Chiesa et ai, 1987a). In 
contrast, in native aB-crystallin isolated from bovine lenses two serines at positions 19 and 
45 turned out to be constitutively phosphorylated, not the one at position 59, while in vitro 
phosphorylation of aB-crystallin did result in phosphorylation of serine 59 (Voorter et ai, 
1989). Mass spectrometric analyses later revealed in vivo phosphorylation of aB-crystallin 
at serines 19, 45 and 59 (Smith et ai, 1992), although only mono- and diphosphorylated, 
never triphosphorylated forms of aB-crystallin have been reported (Parveen et ai, 1993). 
Extra-lenticular aB-crystallin also can be phosphorylated (Mann et ai, 1991; Van de 
Klundert et ai, 1997), but phosphorylation sites have not yet been determined. 
In vivo phosphorylation sites of human HSP27 have been identified at serines 15, 78 and 
82, the latter one being the most phosphorylated site (Landry et ai, 1992). Murine HSP25 
is phosphorylated at serines 15 and 86, corresponding to serines 15 and 82 in the human 
orthologue and lacking the one corresponding to serine 78 in HSP27, because of its 
replacement by an asparagine residue (Gaestel et ai, 1991). Kinases responsible for HSP25 
phosphorylation have been identified as mitogen-activated-protein-kinase-activated-protein-
kinase 2 (MAPKAP-kinase 2) (Stokoe et ai, 1992) and MAPKAP-kinase 3 (McLaughlin et 
ai, 1996), which have similar substrate preferences (Clifton et ai, 1996). Both mono-, di-
and triphosphorylated forms of HSP27 or mono- and diphosphorylated forms of HSP25 are 
observed. Thus, the in vivo phosphorylation sites of aA-, aB-crystallin and HSP25/27 do 
not at all correspond. Detailed analysis of the sequences surrounding the phosphorylation 
sites of these proteins reveals that one of the аВ-crystallin phosphorylation sites, serine 59, 
resembles those in HSP25/27 and fulfills the consensus for phosphorylation by MAPKAP-
kinase 2 (Table 3) (Stokoe et ai, 1993). However, аВ-crystallin is not phosphorylated by 
this enzyme in vitro (Knauf et ai, 1994, A. Clifton and P. Cohen, pers. comm.). 
Introduction 21 
Phosphorylation of both aA- and aB-crystallin does not affect their ability to form 
multimeric complexes, but it has been suggested that the conformation of aA-crystallin 
subunits, in contrast to aB-crystallin subunits, is significantly altered upon phosphorylation 
(Augusteyn et al, 1989). Phosphorylation of HSP27 has been found to result in its 
dissociation from the multimeric complex, leading to a low molecular weight HSP27 
fraction (Kato et al, 1994b). However, other authors report the isolation of both 
phosphorylated and non-phosphorylated monomeric forms of HSP25 as well as non-
phosphorylated multimeric complexes (Benndorf et al, 1994). No dissociation of a B -
crystallin has been observed in rat muscle tissue under circumstances that did promote the 
dissociation of HSP25 complexes (Kato et al, 1994a). 
Table 3. Overview of the phosphorylation sites in aA-, aB-crystallin and HSP25/27. The aA-
and aB-crystallin phosphorylation sites are highly conserved among different mammalian species. 
protein phosphorylated sequence 
residue 
aA-crystallin 122 117-RYRLPSNV-124 
aB-crystallin 19 14-FFPFHSPS-21 
aB-crystallin 45 4 0-TSTSLSPF-47 
aB-crystallin 59 54-FLRAPSWI-61 
HSP25 15 10-LLRSPSWE-17 
HSP27 15 10-LLRSPSWD-17 
HSP27 78 73-YSRALSRQ-80 
HSP27 82 77-LSRQLSSG-84 
HSP25 86 Bl-LNRQLSSG-88 
MAPKAP-kinase 2 consensus: HydXRXXSXX 
Hyd: hydrophobic, bulky residue 
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EXPRESSION OF SMALL HEAT SHOCK PROTEINS 
In the past it has been assumed that α-crystallin expression was restricted to the eye lens. 
However, now both aA- and αΒ-crystallin have also been found in other tissues. This is 
not at all unusual since several other lens crystalline, especially in non-mammalian 
vertebrates, have been identified as housekeeping enzymes, which in the course of 
evolution have been upregulated in the lens (Wistow, 1993b). A similar scenario could be 
true for small HSPs: their ancestral gene (Caspers et al, 1995) coded for a widely 
expressed protein of which α-crystallins have evolved as structural proteins in the lens. 
Constitutive expression 
First ctB-crystallin was determined at relatively high levels in heart, striated muscle, kidney 
and brain (Bhat and Nagineni, 1989; Dubin et al, 1989; Iwaki et al, 1989; Longoni et al, 
1990a; Atomi et al, 1991). Later ccA-crystallin expression was found in very small 
amounts in spleen, thymus (Kato et al, 1991a; Srinivasan et al, 1992) and retina (Deretic 
et al, 1994). Although initially HSP25 has been discovered as a stress-induced protein, 
meanwhile it was co-purified with aB-crystallin from human skeletal muscle (Kato et al, 
1992) and in mouse it has been found constitutively expressed in many tissues and often 
co-expressed with aB-crystallin (Klemenz et al, 1993; Gemold et al, 1993). Furthermore, 
the accumulation of αΒ-crystallin and HSP25 in different tissues turned out to be 
developmentally regulated (Gemold et al, 1993; Oguni et al, 1995; Ilaynes et al, 1996; 
Oguni et al, 1996; Benjamin et al, 1997) and aA- and αΒ-crystallin turned out to be 
differentially expressed during murine ocular development (Robinson and Overbeek, 1996). 
Constitutive expression of aA-, aB-crystallin and HSP25 has been extensively studied in 
rat tissues (Kato et al, 1991a; Kato et al, 1991b; Inaguma et al, 1995). Table 4 gives an 
overview of the results obtained by these authors. These data confirm the complex tissue-
specific expression of these small HSPs and the excessive expression of aA- and aB-
crystallin in the eye lens. Moreover, they reveal that aA-crystallin expression is essentially 
lens-specific, in contrast to that of αΒ-crystallin. In many tissues αΒ-crystallin and HSP25 
are co-expressed, but, although sometimes comparable, their expression levels can be very 
different. In most tissues HSP25 expression is higher than that of αΒ-crystallin, except in 
diaphragm, heart, lens and soleus muscle. 
The expression of small HSPs in cells in tissue culture is strongly dependent on the type of 
cell line. For example αΒ-crystallin is expressed in certain epithelial, but not in fibroblast 
cell lines (Nagineni and Bhat, 1989). Both αΒ-crystallin and HSP25/27 can occur in cell 
lines, but aA-crystallin is rarely seen. Lens-derived cell-lines usually lose their crystallin 
expression (Krausz et al, 1996), although lens epithelial cell lines expressing both α A- and 
αΒ-crystallin have been described (Sax et al, 1995). The regulation of the tissue-specific 
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expression of ccB-crystallin and HSP25 at the transcriptional level is currently under 
research (Iwaki et al, 1990; Frederikse et ai, 1994; Haynes et al, 1995; Gopal-Srivastava 
et al, 1995; Gopal-Srivastava et al., 1996). 
Table 4. Constitutive expression of small HSPs in rat tissues. Levels have been determined 
using a sensitive immuno-assay. Data are taken from Kato et al. (1991a) and Inaguma et al. (1995). 
Tissue type 
Adipose 
Adrenal 
Bladder 
Cerebellum 
Cerebral cortex 
Diaphragm 
Heart 
Hippocampus 
Hypophysis 
Kidney 
Lens 
Liver 
Lung 
Rectum 
Soleus muscle 
Spleen 
Testis 
Thymus 
aA-crystallin 
ng/mg 
n.a. 
0.13 
n.a. 
0.26 
<0.2 
n.a. 
n.a. 
<0.2 
n.a. 
0.16 
244000 
0.13 
<0.1 
0.28 
n.a. 
16.6 
n.a. 
1.09 
aB-crystallin 
ng/mg 
14.0 
2.5 
82.8 
77.6 
14.3 
3670 
3610 
59.1 
5.5 
190 
139000 
0.8 
69.9 
36.8 
28400 
19.3 
1.1 
1.4 
HSP25 
ng/mg 
1850 
1310 
3970 
72.4 
85.5 
1790 
693 
73.6 
129 
123 
n.a.' 
146 
2140 
1840 
4100 
490 
72.8 
n.a 
"HSP25 expression in murine lens extract is 2000-10000 ng/mg (Klemenz et al, 1993). 
n.a.: results not available. 
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Inducible expression: in situ 
Stress-inducible expression of small HSPs has been extensively studied in cells in tissue 
culture. Both aB-crystallin and HSP25 expression can be increased upon heat shock 
(Chrétien and Landry, 1988; Klemenz et al, 1991b; Kato et al, 1993b) and in NIH 3T3 
cells the kinetics of their heat-induced accumulation is similar (Klemenz et al, 1993). αΒ-
crystallin and HSP27 expression are induced by heat or arsenite stress in human glioma 
cells, but not by other chemicals (Kato et al, 1993a), although an increase in aB-crystallin 
has been reported after treatment with cobalt chloride in a human astroglioma cell line 
(Tumminia and Russell, 1994). Furthermore, hypertonic stress induces aB-crystallin 
expression both in lenticular and non-lenticular cells (Dasgupta et al, 1992) and oxidative 
stress as well as heat shock increases aB-crystallin in cells from the trabecular meshwork 
(Tamm et al, 1996). Stress-induced synthesis of HSP27 and aB-crystallin is stimulated by 
mastoparan, phorbol ester (PMA) and okadaic acid through modulation of the arachidonic 
acid cascade in rat glioma cells by lowering the threshold of the stress response (Kato et 
al, 1995; Ito et al, 1996; Ito et al, 1995). Although ethanol enhances the response of aB-
crystallin and HSP27 to heat or arsenite stress in human glioma cells (Kato et al, 1993a), 
it suppresses the induction in heat-stressed rats (Inaguma et al, 1995). 
The presence of so-called heat-shock-elements in the promoter regions of aB-crystallin as 
well as HSP25/27 genes is probably the main factor for their stress-induced accumulation. 
Interestingly, the duck gene for aB-crystallin lacks a putative heat shock element and is 
indeed not stress-inducible (Wistow and Graham, 1995). Although both are stress-
inducible, aB-crystallin and HSP27 are independently regulated. аВ-Crystallin but not 
HSP27 mRNA accumulates in response to TNF-a or hypertonic conditions in rat astrocytes 
(Head et al, 1994). Recently, detailed analysis of this regulation has demonstrated that in 
astrocytes аВ-crystallin and HSP27 are coordinately upregulated in the presence of 
activated heat shock factor 1 as a consequence of cadmium exposure, whereas hypertonic 
stress solely induced аВ-crystallin through a yet unknown mechanism (Head et al, 1996). 
Furthermore, differential expression of аВ-crystallin and HSP27 has been observed in 
skeletal muscle during continuous contractile activity (Neufer and Benjamin, 1996). Apart 
from induction by physical or chemical stress, synthesis of аВ-crystallin, but not of 
HSP27, has been shown to be induced by agents that promote the disassembly of 
microtubules in C6 glioma cells (Kato et al, 1996). Thus, different mechanisms must exist 
for the stress-inducible expression of аВ-crystallin and HSP25/27, which is confirmed by 
their different and tissue-specific expression as examined in heat-stressed rats (Inaguma et 
al, 1995). Although the induction is thought to be mainly a transcriptional activation, non-
transcriptional activation of chicken HSP23 expression has been reported through 
posttranscriptional nuclear events and an increase of the protein half-life (Edington and 
Hightower, 1990). 
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The absence of a heat-shock-element in the promoter regions of all ctA-crystallin genes 
observed so far, may explain the lack of reports about its stress-inducible expression. No 
induction of aA- or aB-crystallin expression in rat lenses was found after heat or chemical 
stress (De Jong et al, 1986) and αΑ-crystallin mRNA could not be detected in resting or 
stressed astrocytes under conditions that induced aB-crystallin and HSP27 (Head et al, 
1994). It seems therefore that, although a member of the family of small HSPs, αΑ-
crystallin expression is mainly restricted to the lens and not inducible under stress 
conditions. Perhaps this protein could therefore be described as a pseudo stress protein. 
Inducible expression: in vivo 
The stress inducibility of aB-crystallin and HSP25/27 is reflected in vivo in that these 
proteins are found to be upregulated under various pathological conditions. aB-crystallin is 
induced by oncogene expression in NIH 3T3 cells (Klemenz et al., 1991a), found in 
different brain tumors (Iwaki et al., 1991; Kato et al., 1992; Aoyama et al., 1993b; Kato et 
al., 1993; Hitotsumatsu et al., 1996) and its usefulness as a tumor marker was considered 
because of its presence in certain epithelial tumors, i.e. renal cell carcinomas (Pinder et al., 
1994). Furthermore, aB-crystallin accumulates in glia and neurons of patients with 
neurodegenerative disorders (Iwaki et al., 1992; Lowe et al, 1992), in Rosenthal fibers of 
patients with Alexander's disease (Iwaki et al, 1989; Ochi et al, 1991; Head et al, 1993), 
in reactive glia in Creuzfeldt-Jakob disease (Renkawek et al, 1992), scrapie-infected 
hamster brain (Duguid et al, 1988) and different types of glia in Alzheimer's disease 
(Lowe et al, 1990; Renkawek et al, 1993; Renkawek et al, 1994b). Interestingly, aB-
crystallin has been identified as a candidate autoantigen in multiple sclerosis-affected brain 
(Van Noort et al, 1995). Like aB-crystallin, HSP27 is overexpressed in Alexander's 
disease (Head et al, 1993) and in Alzheimer's disease (Shinohara et al, 1993; Renkawek 
et al, 1994a) and is found in brain tumors (Kato et al, 1993; Hitotsumatsu et al, 1996; 
Ungar et al, 1994). Evidence has been found that stress conditions may cause the 
accumulation of aB-crystallin and HSP27 in astrocytes in Alexander's disease, which 
results in Rosenthal fiber formation (Iwaki et al, 1993b; Head et al, 1993). Both aB-
crystallin and HSP27 have been found to be induced in muscle tissue by events associated 
with birth in rats (Inaguma et al, 1993) and aB-crystallin is increased in ragged-red fibers 
in muscle diseases presumably resulting from oxidative stress (Iwaki et al, 1993a). In 
addition, HSP27 is induced following cerebral ischemia (Kato et al, 1995; Wagstaff et al, 
1996), in rats upon administration of kainic acid to induce status epilepticus (Plumier et al, 
1996) or during hyperthermia in rat embryos (Mirkes et al, 1996). 
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Apart from stress or pathological conditions also hormonal regulation of small HSPs has 
been observed. aB-crystallin accumulates in NIH 3T3 cells in response to the 
glucocorticoid hormone dexamethasone and this response is suppressed by ras oncogene 
expression (Aoyama et al, 1993a) and regulated at the transcriptional level (Scheier et al, 
1996). HSP27 is known to be estrogen responsive in human breast carcinoma cells 
(Edwards et al, 1980), but only under certain conditions (reviewed in Ciocca et al, 1993). 
Subcellular localization and solubility 
Although mainly cytosolic and soluble proteins, aA- and aB-crystallin in lens fiber cells 
have been found associated with micro- and intermediate filaments (Del Vecchio et al, 
1984; Nicholl and Quinlan, 1994) and lens plasma membranes (Fleschner and Cenedella, 
1992; Boyle and Takemoto, 1996). HSP27 is also a cytosolic protein and found in the 
perinuclear region of human fibroblasts (Arrigo et al, 1988). However, upon different 
kinds of stress, this protein shows dynamic changes in intracellular localization. Both 
arsenite and heat shock induce its translocation into the nucleus as shown in various cell 
types (Kim et al, 1984; Arrigo et al, 1988; McClaren and Isseroff, 1994), although others 
report no nuclear relocalization of HSP27 after heat shock in Chinese hamster fibroblasts 
(Lavoie et al, 1995). Furthermore, changes in intracellular localization of HSP27 in HeLa 
cells have been observed after serum starvation and refeeding (Mehlen and Arrigo, 1994). 
No nuclear localization of aA- or aB-crystallin has been reported. In fact, in rat cardiac 
myocytes expressing both aB-crystallin and HSP25, the latter protein is found in the 
nucleus after heat shock, whereas aB-crystallin remains in the cytoplasm (Van de Klundert 
et al, 1997). 
Despite the lack of nuclear translocation of aB-crystallin, this protein as well as HSP25/27 
undergoes significant heat-induced insolubilization and is then found in the non-ionic 
detergent insoluble fraction. This phenomenon is observed in various cell types, such as 
HeLa (Arrigo et al, 1988), glioma (Inaguma et al, 1992; Kato et al, 1993b), ovarian 
carcinoma cells (Voorter et al, 1992) and cardiac myocytes (Van de Klundert et al, 1997). 
Moreover, although no heat-induced nuclear translocation was observed in Chinese hamster 
fibroblasts, HSP27 did become insoluble in these cells, indicating that both processes are 
independent (Lavoie et al, 1995). Insolubilization of HSP27 has been found to be 
accompanied by a shift to very high molecular weight fractions (Arrigo et al, 1988). 
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FUNCTIONS OF SMALL HEAT SHOCK PROTEINS 
The different constitutive and stress-inducible expression patterns of α A-, αΒ-сгу stal lin and 
HSP25 suggest various but essential functions for these proteins within the cell, although 
mice lacking both aA- and аВ-crystallin expression are viable and fertile (Brady and 
Wawrousek, 1997). Artificial overexpression of aA-, аВ-crystallin or HSP25 has been 
proved to cause cellular thermoresistance (Landry et al, 1989; Aoyama et al, 1993a; Van 
den IJssel et al, 1994), but аВ-crystallin and HSP25/27 can protect cells against a whole 
range of cellular insults. aA- and аВ-crystallin are thought to have a major structural 
function in the eye lens by contributing to its extremely high protein concentration that is 
the basis for its transparency (Délaye and Tardieu, 1983). A 25 kDa inhibitor of actin 
polymerization in chicken turned out to be identical to HSP25, thus providing a basis for 
its function in the cell (Miron et al, 1988; Mirón et al, 1991). It was considered a 
breakthrough when small HSPs were discovered to be capable of preventing heat-induced 
protein aggregation, their molecular chaperone-like activity (Horwitz, 1992; Jakob et al, 
1993; Merck et al, 1993a). This provided a satisfying function for α-crystallins in 
maintaining lens transparency throughout the lifespan of the organism (Horwitz, 1992). 
Furthermore, this in vitro activity could be used as a working model for a more detailed 
search into cellular functions of small HSPs and their mechanisms. 
In vitro molecular chaperone-like activity 
Detailed analysis of the in vitro molecular chaperone-like activity of small HSPs revealed a 
low specificity for substrate proteins that bind upon denaturation. A whole range of 
proteins can be prevented from heat-induced aggregation, such as β- and γ-crystallins and 
alcohol dehydrogenase (Horwitz, 1992; Merck et al, 1993a; Takemoto and Boyle, 1994), 
citrate synthase and a-glucosidase (Jakob et al, 1993), carbonic anhydrase (Rao et al, 
1993), rhodanese (Das and Surewicz, 1995a), aldose reductase (Marini et al, 1995), 
phosphoglycerate kinase (Schauerte and Gafni, 1995) and ζ-crystallin (Rao et al, 1994). 
Likewise, small HSPs reduce chemically-induced aggregation, such as that of the insulin B-
chain (Farahbakhsh et al, 1995), or UV-light induced aggregation, such as that of γ-
crystallin (Raman and Rao, 1994; Borkman et al, 1996). Furthermore, α-crystallin has 
been reported to protect proteins against different insults such as oxidation (Wang and 
Spector, 1995), glycation and carbamylation induced inactivation of enzymes (Blakytny and 
Harding, 1996; Ganea and Harding, 1996; Heath et al, 1996) and steroid-induced 
inactivation of catalase (Hook and Harding, 1996). When enzymes are chosen as a 
substrate, α-crystallin does not usually protect against inactivation of the enzyme, although 
heat-induced aggregation is prevented (Carver et al, 1994a; Marini et al, 1995; Schauerte 
and Gafni, 1995). However, the presence of HSP25 did accelerate the reactivation of citrate 
28 Chapter 1 
synthase and a-glucosidase after the enzymes had been denatured in urea and subsequently 
renatured (Jakob et al, 1993). Similarly, α-crystallin increases the recovery of β- and γ-
crystallins in the soluble form after de- and renaturation in 8 M urea (Raman et al, 1995b) 
or 6 M guanidine hydrochloride (Horwitz, 1992). 
The lack of detailed structural information about small HSPs seriously upholds 
understanding the mechanism of their chaperone-like activity. Nevertheless, various 
physico-chemical methods have revealed valuable data. The activity of α-crystallin turned 
out to be temperature dependent. Where initially the chaperone-like activity has been 
measured at high, non-physiological temperatures up to 60°C, now α-crystallin turned out 
to protect against photoaggregation of γ-crystallin only above 30°C and protection 
efficiency steeply increased up to 60°C (Raman and Rao, 1994). Similarly, the prevention 
of chemically-induced aggregation of the insulin В chain was raised from a few to almost 
100% between 30°C and 40°C (Raman et al, 1995a). Simultaneously, using a fluorescent 
hydrophobic probe, it was found that α-crystallin exposes hydrophobic surfaces in a 
temperature-dependent manner (Raman and Rao, 1994; Raman et al, 1995a; Das and 
Surewicz, 1995b), suggesting that α-crystallin undergoes a temperature-induced structural 
change upon which hydrophobic surfaces are exposed for the binding of substrate proteins. 
Since the size of the α-crystallin complex undergoes an irreversible increase at high 
temperatures (Siezen et al, 1980; Smulders et al, 1995b), one can assume that the 
complex adopts a more open structure. The fact that α-crystallin is more effective in 
recovering soluble β- and γ-crystallins after de- and renaturation in 8M urea when the 
chápenme itself is also unfolded in urea, confirms that the chaperone-like activity is more 
pronounced in its structurally perturbed state (Raman et al, 1995b). The chaperone-like 
activity of a-crystallins also turned out to be affected by the presence of divalent cations. 
Both Ca2+ and Mg2+ reduced the activity of aA- or aB-crystallin, whereas EDTA restored 
it (Marini et al, 1995; Koretz et al, 1997). 
Hydrogen-deuterium exchange has been used to identify hydrophobic regions in aA- and 
aB-crystallin which become surface-exposed as the temperature is raised. Two peptides in 
αΑ-crystallin, comprising residues 32-37 and 72-75, and one in aB-crystallin, comprising 
residues 28-34, satisfied these criteria, suggesting that these are hydrophobic regions 
involved in the chaperone-like activity (Smith et al, 1996). Site-directed mutagenesis of 
aB-crystallin confirmed that the neighboring phenylalanine-rich region (residues 22-28) is 
essential for chaperone-like activity (Plater et al, 1996) and the high conservation of this 
region supports its importance for functional activity (Fig. 1). Recently, direct evidence has 
been obtained for the involvement of the N-terminal domain in substrate binding. The 
hydrophobic probe bis-ANS was specifically incorporated into the N-terminal, not the C-
terminal domain of aB-crystallin (Smulders and De Jong, 1997). Analysis of oxidation-
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mediated loss of α-crystallin chaperone activity revealed only methionine residues to be 
oxidized, indicating the importance of these residues for functional activity (Smith et al., 
1997). 
Analysis of the proteins bound to α-crystallin revealed that they are in an unfolded, 
possibly molten-globule state (Gopalakrishnan et al, 1994). Since α-crystallin does not 
interact with unfolded, hydrophobic but stable proteins, it was concluded that α-crystallin 
only forms a complex with unfolding proteins (Carver et al, 1995b). This was confirmed 
by experiments using tryptophan fluorescence spectroscopy and a tryptophan-free mutant of 
αΑ-crystallin to assess the conformation of the bound substrate, showing that these were 
characterized by a very low degree of unfolding in contrast to the same substrate bound to 
the chaperonin GroEL (Das et al, 1996). Additional experiments showed that α-crystallin, 
again in contrast to GroEL, has specific affinity for non-native intermediates formed on the 
denaturation pathway only, not to those formed on the renaturation pathway (Das and 
Surewicz, 1995a). Furthermore, specifically the molten-globule state of carbonic-anhydrase 
was shown to bind to α-crystallin (Rajaraman et al, 1996). Thus, α-crystallin appears to 
recognize preferentially protein conformations that occur very early on the denaturation 
pathway. The complex between α-crystallin and its bound substrate is very stable (Rao et 
al, 1993) and the substrate proteins are well spread over the α-crystallin complex 
(Farahbakhsh et al, 1995), but are not released upon incubation with ATP (Jakob et al, 
1993). Thus, unlike other molecular chaperones such as the bacterial GroEL, small HSPs 
do not tend to actively refold or reactivate their substrate proteins. Recent experiments on 
the chaperone-like activity of HSP25 using citrate synthase inactivation at 43°C showed an 
accumulation of folding intermediates on the HSP25 complex, which could be released and 
reactivated in the presence of HSP70 and ATP (Ehrnsperger et al, 1997). The authors thus 
suggest a function for small HSPs in efficiently trapping unfolding proteins in a folding-
competent state to create a reservoir of non-native proteins for reactivation after restoration 
of physiological conditions in cooperation with other chaperones. Similar results have been 
obtained with a small HSP from pea, HSP18.1, indicating that this function of small HSPs 
is highly conserved in evolution (Lee et al, 1997). 
To gain more information about the chaperone-like activity of a-crystallins, both natural 
and site-specific mutants of αΑ-crystallin have been explored. Three αΑ-crystallin mutants, 
in each of which a single hydrophobic residue was replaced by an uncharged hydrophilic 
one with the aim of disturbing hydrophobic subunit interactions, did not show major 
structural perturbations or differences in chaperone-like activity. However, a fourth one in 
which the highly conserved aspartic acid at position 69 had been replaced by a serine, 
displayed a threefold reduced activity (Smulders et al, 1995a). The alternative splicing 
product in rodents, aA'ns-crystallin, which has an insertion of 23 amino acids exactly 
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between the first and second domain of native αΑ-crystallin, forms the usual multimene 
native-like complexes, but displays a diminished chaperone-hke activity which is possibly 
due to its 3-4-fold reduced substrate binding capacity (Smulders et al, 1995b) The 
reduced chaperone-hke activity of both the αΑ-crystallin D69S-mutant and aA'ns-crystallin 
suggests that the region connecting both domains might be important for functional 
activity 
NMR-spectroscopy experiments on the high molecular weight complex formed between a-
and γ-crystallin m vitro as well as in vivo indicated that the C-terminal flexible extension 
of aB-crystallin, but not that of αΑ-crystallin, had lost its flexibility (Carver et al, 1995b, 
Carver et al, 1996) This result suggested an involvement of this extension in interactions 
with the unfolded γ-crystallin, possibly via its two C-terminal charged lysine residues 
However, mutations that change the charge of the C-terminal extension in ccA-crystallin do 
not substantially affect chaperone-hke activity In contrast, introduction of a hydrophobic 
tryptophan m the extension severely diminishes the activity Because the flexibility of the 
mutated extension had been dramatically reduced, it was suggested that the extension 
functions as a solubilizer to keep the complex in solution (Smulders et al, 1996) Earlier 
investigations had already revealed a correlation between the loss of the C-termmal 15 
amino acids of αΑ-crystallin and a decrease in chaperone-hke activity (Takemoto et al, 
1993, Takemoto, 1994) and the same was found for truncated human αΑ-crystallin missing 
the C-terminal 17 ammo acids (Andley et al, 1996) In addition, proteolysis of a-crystallin 
by calpain II in vitro, involving loss of the C-terminus, resulted in reduced activity, 
suggesting a mechanism for the loss of chaperone activity in selenite cataract (Kelley et al, 
1993) 
Other post-translational modifications can also affect the chaperone-hke activity of ot-
crystallins Cross-linked glycation products and oxidative modifications of ct-crystalhn 
decreased the activity, but simple glycation with fructose and glucose-6-phosphate or 
carbamylation, both of which resulted in extensive acidification, did not affect the 
chaperone-hke activity (Van Boekel et al, 1996, Cherian and Abraham, 1995a) In support 
of these observations the chaperone activity of α-crystallin from diabetic rats was found to 
be significantly decreased (Cherian and Abraham, 1995b) Phosphorylation of α A- or aB-
crystallin had a minor enhancing effect on the activity (Van Boekel et al, 1996), although 
other authors report no influence of phosphorylation of ctA-, aB-crystallin (Wang et al, 
1995) or HSP25 (Knaufe/ al, 1994) on the in vitro chaperone-hke activity Cross-linking 
of α-crystallin subunits as a result of UV-irradiation also impaired chaperone-hke activity 
and this was suggested to be caused by a loss of substrate binding sites (Borkman and 
McLaughlin, 1995, Ellozy et al, 1996) Apart from modification of the chaperone itself, 
chaperone-hke activity has recently been found to be modulated by common metabolites, 
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such as pantethine and glutathione (Clark and Huang, 1996). The presence of either one of 
these molecules enhanced the activity of a-crystallin to prevent aggregation of alcohol 
dehydrogenase at 37°C. 
Since the binding of substrate proteins to the small HSP complexes is very stable, the 
activity of a complex is likely to decrease once its binding sites become saturated. This is 
exactly what happens in vitro (Wang and Spector, 1994; Takemoto and Boyle, 1994) and 
what causes in vivo the formation of the high molecular weight (HMW) complex upon 
aging of the eye lens. The role of a-crystallin in this process was shown by selectively 
removing this protein from a soluble lens homogenate prior to heating. No HMW complex 
was formed and the remaining proteins became insoluble, suggesting an essential role for 
a-crystallin in preventing non-specific protein aggregation in the lens (Rao et al, 1995). 
The chaperone-like activity of a-crystallin in aged bovine lenses indeed has been shown to 
be decreased (Horwitz et al., 1992). However, when the HMW complex is carefully 
separated from normal a-crystallin, it was demonstrated that only the HMW complex 
showed a decreased chaperone-like activity, whereas the activity of the a-crystallin was not 
altered (Carver et al., 1996). Together, these results confirm that the in vitro molecular 
chaperone-like activity of α-crystallins plays an important role in the eye lens in vivo. 
Protection against different kinds of stress 
Apart from analysis of the in vitro molecular chaperone-like activity, the activity of small 
HSPs in situ and in vivo has been the subject of much research. Here, aB-crystallin and 
HSP25/27 are the main proteins of interest, mainly because of their broad and stress-
induciblc expression pattern. Besides protection against heat stress these proteins can 
provide cells with protection against many other kinds of stress and cellular insults as listed 
in Tables 5 and 6. However, it must be noted that the different treatments have been 
applied to different cell types and consequently one should be cautious to compare the 
results. Illustrative is, for instance, the protection by aB-crystallin of glial cells, but not 
NIH 3T3 cells, against hypertonic stress (Kegel et αϊ, 1996). Furthermore, it should be 
realized that overexpression of small HSPs is not absolutely essential to obtain stress 
resistance, as has been shown for thermotolerance in murine L929 cells (Lee et al., 1992a). 
There are many kinds of cellular stress towards which expression of both aB-crystallin and 
HSP25/27 are beneficial. However, aB-crystallin seems to be specialized in protection 
against hypertonic stress in human glioma cells (Kegel et al., 1996). On the other hand, 
overexpression of HSP27 has been found to correlate with resistance against a whole range 
of anticancer drugs. Particularly interesting is the observation that both aB-crystallin and 
IISP25 can prevent or modulate the onset of apoptosis (Mehlen et ai, 1996b; Samali and 
Cotter, 1996). 
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Table 5. Protection by aB-crystallin against different stress treatments in various cell types. 
treatment cell type reference 
heat shock 
oxidative stress 
metabolic stress 
hypertonic stress 
extracellular K* 
TNF-a 
staurosporine 
NIH 3T3 
rat C6 glioma 
human U-373 MG glioma 
murine L929 fibroblast 
chinese hamster ovary 
human U-251 MG glioma 
rat C6 glioma 
murine L929 fibroblast 
murine L929 fibroblast 
(Aoyama et ai, 1993a) 
(Iwaki et al., 1994) 
(Iwaki et ai, 1994) 
(Mehlen et ai, 1995c) 
(F. van de Klundert, pers. comm.) 
(Kegel et ai, 1996) 
(Iwaki et ai, 1995) 
(Mehlen et ai, 1995c) 
(Mehlen et ai, 1996b) 
Table 6. Protection by HSP25/27 against different stress treatments in various cell types. 
treatment cell type reference 
stress 
heat shock 
sodium arsenite 
cadmium chloride 
mercuric chloride 
oxidative stress 
metabolic stress 
TNF-a 
actinomycin D 
staurosporine 
anticancer drugs 
doxorubicine 
daunorubicine 
colchicine 
vincristine 
cisplatin 
CH 023 fibroblast 
NIH 3T3 
embryonic stem 
CH 023 fibroblast 
embryonic stem 
embryonic stem 
murine L929 fibroblast 
CH CCL39 fibroblast 
CH 023 fibroblast 
CH ovary 
murine L929 fibroblast 
CH 023 fibroblast 
U937 
murine L929 fibroblast 
CH 023 fibroblast 
human MCF-7 (breast cancer) 
human MDA-MB-231 (breast ι 
human 833K (testis tumor) 
human HT-29 (colon cancer) 
CH 023 fibroblast 
CH 023 fibroblast 
CH 023 fibroblast 
embryonic stem 
human 833 К (testis tumor) 
cancer) 
(Landry et ai, 1989) 
(Knauf et ai, 1994) 
(Wu and Welsh, 1996) 
(Huote/α/., 1991) 
(Wu and Welsh, 1996) 
(Wu and Welsh, 1996) 
(Mehlen et ai, 1995c) 
(Huote/α/., 1996) 
(Huote/α/., 1991) 
(F. van de Klundert, pers. comm.) 
(Mehlen et ai, 1995c) 
(Huote/α/., 1991) 
(Samali and Cotter, 1996) 
(Mehlen et ai, 1996b) 
(Huote/α/., 1991) 
(Oesterreich et ai, 1993) 
(Oesterreich et ai, 1993) 
(Richards et ai, 1996) 
(Garrido et ai, 1996) 
(Huote/α/., 1991) 
(Huote/α/., 1991) 
(Huote/α/., 1991) 
(Wu and Welsh, 1996) 
(Richards et ai, 1996) 
CH: Chinese hamster 
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There is no common mechanism that can explain all protective activities of these small 
HSPs Many groups have approached this problem in different manners, m search for clues 
to find out how small HSPs do their job The in vitro molecular chaperone-like activity has 
already been discussed and it is likely that this activity is involved in the protection against 
heat shock or other kinds of stress that cause in vivo protein denaturation (Ehrnsperger et 
al, 1997) Interestingly, overexpression of HSP27 m Chinese hamster 023 cells has been 
shown to cause accelerated recovery from nuclear protein denaturation after heat shock 
(Kampinga et al, 1994) Furthermore, phosphorylation, stabilization of the cytoskeleton 
and modulation of the level of intracellular reactive oxygen species have all been 
postulated to be mechanisms of action of small HSPs 
Phosphorylation and stabilization of microfilaments 
The existence of different phospho-isoforms of HSP25/27 has long been known and 
correlated with cellular stress (Kim et al, 1984, Welch, 1985, Arrigo and Welch, 1987, 
Arrigo and Michel, 1991) Table 7 lists a variety of treatments which have been reported to 
cause a rapid phosphorylation of HSP25/27 in different cell types, indicating that not only 
stress, but also induction of proliferation and differentiation can cause phosphorylation of 
HSP25/27 In agreement with this, various signaling pathways have been shown to be 
involved in stress and mitogen-induced phosphorylation of HSP25/27, including protein 
kinase С (Regazzi et al, 1988, Santell et al, 1992) and MAP kinase pathways (Rouse et 
al, 1994, Freshney et al, 1994, Ahlers et al, 1994a, Engel et al, 1995, Guay et al, 1997, 
Huot et al, 1997) The phosphorylation status of HSP25/27 is likely to be balanced by the 
activities of both kinases and protein phosphatases Evidence has been provided that m 
vitro both protein phosphatase 2A and 2B can dephosphorylate HSP27, but it is suggested 
that in vivo only protein phosphatase 2A is active in its dephosphorylation (Gaestel et al, 
1992, Cairns et al, 1994) Although most treatments induce phosphorylation of HSP27, 
ATP depletion has been shown to cause its dephosphorylation in human endothelial cells 
(Loktionova et al, 1996) 
Apart from the constitutive phosphorylation of aB-crystallin in the lens, this protein has 
also been shown to be phosphorylated upon heat shock in primary cardiac myocytes (Van 
de Klundert et al, 1997) and in vivo in Alexander's disease brain (Mann et al, 1991) In 
fact, no heat-induced increase m phosphorylation of α-crystallins is observed in rat lenses 
in organ culture (De Jong et al, 1986), stress-dependent accumulation of aB-crystallin m 
human glioma cells was found to be phosphorylation-independent (Tummima and Russell, 
1994) and aB-crystallin in human brain tumors is also predominantly unphosphorylated 
(Aoyama et al, 1993 b) There are no data available about possible pathways involved in 
the stress-induced phosphorylation of aB-crystallin In vitro autophosphorylation of aA-
crystalhn and aB-crystallin occurs only to a very low degree and the autophosphorylated 
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site in ccA-crystallin does not correspond with the one reported for in vivo phosphorylated 
αΑ-crystallin (Kantorow and Piatigorsky, 1994; Kantorow et al, 1995). It is therefore 
unlikely that autophosphorylation of α-crystallins plays an important role in vivo. In 
contrast, glycosylation of aB-crystallin, which occurs both in lens and non-lens tissues, is a 
highly dynamic process with a turnover that is much greater than that of the protein itself 
(Roquemore et ai, 1996). It has been suggested that this modification might therefore 
constitute an additional level of regulatory control in the heat shock response. 
Quite well studied is the dependence on phosphorylation of IISP27 for the development of 
thermotolerance in Chinese hamster 023 fibroblasts. After the observation that transient 
thermotolerance could not exclusively be correlated with changes in the cellular 
concentration of HSP27, a close relationship between the effect of heat shock on HSP27 
phosphorylation and cellular survival was found (Landry et al, 1991). A similar study in 
Chinese hamster ovary plateau-phase cells could neither confirm nor reject this conclusion 
(Lee et al, 1992b). It was then observed that elevated expression of wild-type HSP27, but 
not that of a non-phosphorylatable mutant, was accompanied by an increased stability of 
stress fibers during heat shock and by prevention of actin depolymerization during 
exposure to cytochalasin D (Lavoie et al, 1993a; Lavoie et al, 1995). Phosphorylation of 
HSP27 was subsequently shown to modulate actin filament dynamics (Lavoie et al, 1993b) 
and cellular thermoresistance through phosphorylation-induced reduction of the oligomeric 
complex size (Lavoie et al, 1995). A similar result was obtained in human glioma cells in 
which HSP27 also dissociated upon phosphorylation (Kato et al, 1994b), suggesting that 
dissociated, phosphorylated HSP27 causes the stabilization of actin filaments. Moreover, 
H202-induced phosphorylation of HSP27 has been shown to play a central role in 
modulating microfilament responses to oxidative stress in fibroblasts (Huot et al, 1996) 
and vascular endothelial cells (Huot et al, 1997). 
HSP25 has been shown to inhibit actin polymerization by acting as a barbed-end capping 
protein (Miron et al, 1988; Mirón et al, 1991). Experiments showing that in vitro 
phosphorylation of HSP25 disrupted its capacity to inhibit actin polymerization provided a 
good explanation for the observed stabilization of microfilaments. However, in these 
experiments only non-phosphorylated monomeric HSP25 is active as inhibitor of actin 
polymerization, but not the non-phosphorylated oligomeric complex (Benndorf et al, 
1994). Furthermore, these data do not explain the apparent inhibitory effect of HSP27 on 
cytochalasin D-induced actin depolymerization (Lavoie et al, 1993a). 
In contrast to these results, using a non-phosphorylatable mutant of IISP25 it was shown in 
transformed NIH 3T3 cells that phosphorylation of HSP25 is not essential for cellular 
thermoresistance (Knauf et al, 1994). Recently, this controversy has been solved by the 
observation that phosphorylation of HSP25/27 is only important for the development of 
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thermotolerance in anchorage-dependent cells and not in anchorage-independent growing 
cells (E. Hickey, pers. comm.). Thus, other activities than phosphorylation-mediated 
stabilization of the microfilament network must play a role in the development of 
thermotolerance by overexpression of small HSPs. 
Like HSP27 (Lavoie et al., 1993a), αΑ- and аВ-crystallin have been shown to prevent 
cytochalasin D-induced depolymerization of actin filaments in vitro, whereas 
phosphorylated forms of both subunits, isolated from bovine lens, had a decreased effect 
(Wang and Spector, 1996). However, α-crystallin does not appear to be a capping protein 
and its stabilizing effect on actin filaments is therefore not due to masking of the ends. 
Although both α-crystallin and its isolated subunits can also prevent heat-induced 
aggregation of actin filaments at 45°C in vitro (Bennardini et al., 1992; Wang and Spector, 
1996), their actin stabilizing activity must be different from the molecular chaperone-like 
activity, since the latter is not noticeably phosphorylation-dependent (Wang et al., 1995; 
Van Boekel et al, 1996). Binding of α A- and аВ-crystallin to actin in vitro has been 
shown before (Gopalakrishnan and Takemoto, 1992) and аВ-crystallin was demonstrated to 
prevent acid-induced aggregation of actin filaments (Bennardini et al, 1992). Thus, 
phosphorylation of αΑ- and аВ-crystallin as well as HSP25/27 turns out to modulate 
microfilament stability, but a-crystallins seem to act differently from HSP25/27. 
Phosphorylation of α A- and аВ-crystallin is a developmental process in the lens 
(Takemoto, 1996) and otA-crystallin and аВ-crystallin are differentially phosphorylated 
during lens fiber cell differentiation (Chiesa et αϊ, 1989). Furthermore, dephosphorylation, 
which readily occurs in lens epithelial cells, is decreased during their differentiation 
(Chiesa and Spector, 1989) and it is suggested that phosphorylation of a-crystallins could 
thus help remodeling actin filaments in the terminal differentiation of lens fiber cells. 
Role in growth, differentiation and cell morphology 
A number of reports exist in which modulation of HSP25/27 expression has been observed 
to affect proliferation. Overexpression of HSP25 inhibits growth of Ehrlich ascites tumor 
cells (Knauf et al., 1992) and melanoma cells (Kindâs-Mtigge et al., 1996). NIH ЗТЗ 
fibroblasts, but not Chinese hamster ovary cells, overexpressing HSP27 show a significant 
decrease in colony formation (Arata et al., 1997). Furthermore, oncogenicity of adenovirus-
transformed cells is inversely correlated with the expression of HSP27 (Zantema et al., 
1989). On the other hand, antisense inhibition of HSP27 expression in MCF-7 cells also 
causes growth inhibition (Mairesse et al., 1996) and HSP27 overexpression increased the 
growth rate of MCF-7 cells (Oesterreich et al., 1993) and arterial endothelial cells 
(Piotrowicz et al., 1995). Interestingly, several of these effects have been shown to occur 
only if wild-type HSP27 is overexpressed and not by expression of a non-phosphorylatable 
mutant (Piotrowicz et al., 1995; Arata et al, 1997). 
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Table 7. Induction of HSP25/27 phosphorylation by different treatments of various cell types. 
treatment cell type reference 
physical stress 
heat shock 
fluid shear stress 
CH 023 fibroblast 
CH ovary 
rat embryo 
rat cardiac myocyte 
human HaCaT keratinocyte 
vascular endothelial 
hypo-osmotic swelling human intestine 407 
hyperosmolanty mammalian 
(Chretien and Landry, 1988) 
(Lee et al, 1992b) 
(Mirkes et al 1996) 
(Van de Kiundert et al, 1997) 
(McClaren and Isseroff, 1994) 
(Lieta!, 1996) 
(Tilly et al, 1996) 
(Han et al, 1994) 
chemical stress 
sodium arsenite 
cadmium chloride 
oxidative stress 
bovine aortic endothelial 
CH 023 fibroblast 
human breast cancer lines 
human HaCaT keratinocyte 
human breast cancer lines 
murine MC3T3-E1 osteoblast 
human KMST-6 fibroblast 
vascular endothelial 
(Robaye et al, 1989) 
(Crête and Landry, 1990) 
(Regazzi et al, 1988) 
(McClaren and Isseroff, 1994) 
(Regazzi étal, 1988) 
(Shibanuma et al, 1992) 
(Arata et al, 1995) 
(Huotera/, 1997) 
mitogens and differentiation f actors 
serum rat embryo fibroblast 
HeLa 
growth factors MRC-5 fibroblast 
TGFßl murine MC3T3-E1 osteoblast 
PMA rat embryo fibroblast 
human HL-60 (leukemia) 
human breast cancer lines 
human MCF-7 (breast cancer) 
murine BALB/MK-2 keratinocyte 
endothelial 
okadaic acid murine BALB/MK-2 keratinocyte 
endothelial 
retinole acid human HL-60 (leukemia) 
interleukin 3 human M07 (leukemia) 
granulocyte-macrophage colony-stimulating factor 
leukemia inhibitory factor murine Ml myeloblast 
(Welch, 1985) 
(Mehlen and Arrigo, 1994) 
(Saklatvala et al, 1991) 
(Shibanuma et al, 1992) 
(Welch, 1985) 
(Minowada and Welch, 1995) 
(Regazzi et al, 1988) 
(Faucher et al, 1993) 
(Kasahara et al, 1993) 
(Santell et al, 1992) 
(Kasahara et al, 1993) 
(Santell et al, 1992) 
(Spector et al, 1994) 
(Ahlers e/a/ , 1994b) 
(Ahlersef a/, 1994b) 
(Michishita et al, 1991) 
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Table 7 continued 
treatment 
bombesin 
bradykinin 
A23187 
thrombin 
cell type 
rabbit smooth muscle 
MRC-5 fibroblast 
HeLa 
rat embryo fibroblast 
CH023 
blood platelets 
endothelial 
inflammatory cytokines 
interleukin 1 
TNF-ct 
histamine 
Other treatments 
cytochalasin D 
ATP 
cycloheximide 
EGTA 
tunicamycm 
ß-mercaptoethanol 
glucosamine 
2-deoxyglucose 
thapsigargin 
human dermal fibroblast 
human monocytes 
human KB oral epidermal 
HepG2 
MRC-5 fibroblast 
endothelial 
HeLa 
HeLa 
human dermal fibroblast 
bovine aortic endothelial 
human T47D (breast) 
U937 
MRC-5 fibroblast 
human umbilical vein endothelial 
endothelial 
CH CCL39 fibroblast 
MRC-5 fibroblast 
CH 023 fibroblast 
CH 023 fibroblast 
CH 023 fibroblast 
CH 023 fibroblast 
CH 023 fibroblast 
CH 023 fibroblast 
human HaCaT keratmocyte 
reference 
(Bitaref al, 1991) 
(Saklatvala et al, 1991) 
(Hepburn et al, 1988) 
(Welch, 1985) 
(Crête and Landry, 1990) 
(¿hu el al, 1994b) 
(Santell et al, 1992) 
(Saur and Saklatvala, 1988) 
(Ahlers et al, 1994a) 
(Freshney et al, 1994) 
(Kaur et al, 1989) 
(Kaur e i a / , 1989) 
(Santell et al, 1992) 
(Hepburn et al, 1988) 
(Mehlen et al, 1995b) 
(Saur and Saklatvala, 1988) 
(Robaye et al, 1989) 
(Mehlen et al, 1995a) 
(Kaur étal, 1989) 
(Kaur étal, 1989) 
(Pietersma et al, 1997) 
(Santell et al, 1992) 
(Lavoie et al, 1995) 
(Saklatvala et al, 1991) 
(Crête and Landry, 1990) 
(Crête and Landry, 1990) 
(Huote/a/, 1992) 
(Huote/a/, 1992) 
(Huot et al, 1992) 
(Huotera/, 1992) 
(Shi and Isseroff, 1996) 
CH Chinese hamster 
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Apart from proliferation, also differentiation has been correlated with HSP27 expression. 
An increase in expression of HSP27 was observed upon differentiation of human 
kcratinocytes (Kindâs-Miigge and Trautinger, 1994). Moreover, both expression and 
phosphorylation of HSP27 is increased in differentiating human leukemic and erythroid-
like cells (Minowada and Welch, 1995; Chaufour et al, 1996). The finding that both 
cellular growth and differentiation can be modulated by expression and phosphorylation of 
HSP25/27, further suggests that this might occur through control of microfilament 
dynamics. In support of this, co-localization of HSP27 and actin filaments has been 
observed in vivo in rat Sertoli cells (Welsh et ai, 1996) and in the I-band of myofibrils in 
cardiomyocytes (Hoch et al, 1996). Furthermore, phosphorylated HSP27 co-localizes with 
actin in thrombin-activated platelets (Zhu et al, 1994a). 
In addition to HSP25/27, also αΒ-crystallin expression has been observed to play a role in 
cell morphology. Antisense inhibition of aB-crystallin expression in rat and human glioma 
cells causes a reduction of cell size, a disorganized microfilament network and a reduction 
of cell adhesiveness. Moreover, this results in a decrease of thermoresistance of these cells, 
suggesting a function for aB-crystallin in stabilizing cytoskeletal organization (Iwaki et al, 
1994). Furthermore, aB-crystallin has been found in cells undergoing major 
cytomorphological reorganization (Scotting et al, 1991). Interestingly, in this study aB-
crystallin was conjugated to ubiquitin. Although such conjugates have been observed in 
Rosenthal fibers (Goldman and Corbin, 1991) and other tissues known to contain 
ubiquitinated inclusion bodies (Lowe et al, 1992), the function of aB-crystallin 
ubiquitination remains unclear. In this respect the observed binding of aB-crystallin to 
proteasöme α-subunit ringcomplexes might be of interest, although no binding of aB-
crystallin to the 20S proteasome complex, which is involved in ubiquitin-mediated protein 
degradation, could be found (W. Boelens and W. Gerards, pers. coram.). 
Stabilization of intermediate fdaments 
Apart from stabilization of microfilaments, aB-crystallin has been associated with 
stabilization of the intermediate filament network, in particular desmin (Bennardini et al., 
1992). In vitro, αΒ-crystallin binds to desmin and this binding is stronger at slightly acidic 
pH (6.5) or at elevated temperature (45°C). Furthermore, αΒ-crystallin can prevent desmin 
aggregation in vitro and localizes to the Z-lines in cardiac myocytes, indicating co-
localization with desmin (Bennardini et al, 1992; Leach et al, 1994). A similar striated 
pattern of αΒ-crystallin and HSP25 has been observed in heat-stressed neonatal cardiac 
myocytes, but co-localization with desmin could not be confirmed by immunocyto-
chemistry (Van de Klundert et al, 1997). Finally, aggregates of αΒ-crystallin and inter­
mediate filament proteins exist in human degenerative pathologies (Iwaki et al, 1989; 
Lowe et al, 1992; Renkawek et al, 1994b). 
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Protection against oxidative stress 
The level of intracellular reactive oxygen species has been shown to affect HSP27 
phosphorylation, localization and structural organization in human T47D breast carcinoma 
cells (Mehlen et al, 1995a). However, a crucial mechanism for the protection against 
reactive oxygen species has recently been shown to be an increase in glutathione, 
associated with aB-crystallin and HSP27 expression in murine L929 fibroblasts. 
Consequently a decrease of intracellular reactive oxygen species was observed, essential for 
the protective activity of these small I ISPs against TNFct-induced cell death and probably 
other types of oxidative stress (Mehlen et al., 1996a). On the other hand an enhanced 
production of extracellular superoxide upon overexpression of HSP27 in Chinese hamster 
CCL39 fibroblasts has been reported, which can be inhibited by a specific inhibitor of 
NADPH-oxidase (Souren et al, 1996). This production was shown to be independent of 
HSP27 phosphorylation. It is not known whether both processes are related. 
Functions ofaA- and aB-crystallin in the lens 
The extremely high concentration of aA- and aB-crystallin in lens fiber cells contributes 
to the refractive properties of the lens and is essential for maintaining eye lens transparency 
(Délaye and Tardieu, 1983). Furthermore, the role of their molecular chaperone-like 
activity in preventing the formation of insoluble aggregates during aging of the lens, has 
been discussed (Horwitz, 1992). Recently, the generation of transgenic mice lacking α A- or 
aB-crystallin, or both aA- and aB-crystallin expression, has shed new light on the specific 
functions of these proteins in the eye lens (Brady et al, 1997; Brady and Wawrousek, 
1997). Lenses in mice lacking only αΑ-crystallin initially appear structurally normal, but 
are smaller than those in wild-type mice. However, they develop an opacification that starts 
in the nucleus and progresses to a general opacification with age. Moreover, inclusion 
bodies are observed in lens fiber cells that contain aB-crystallin. Apparently, the presence 
of aB-crystallin alone is not enough to maintain long term lens transparency for which 
αΑ-crystallin seems to be essential, possibly by keeping aB-crystallin in a soluble state. 
Lenses in mice lacking only aB-crystallin show no structural abnormalities. However, 
extracts from these lenses produce more light scattering than wild-type lens extracts when 
heated to 62°C, though much less scattering than lens extracts from mice lacking αΑ-
crystallin. Lenses in mice lacking both aA- and aB-crystallin expression are fully formed, 
but fiber cell organization seems to be altered. 
Another possible function for aA- and aB-crystallin in the lens is their role in modulation 
of intermediate filament assembly (Nicholl and Quinlan, 1994). a-Crystallin was co-
precipitated with soluble vimentin from lens extracts and in vitro both α-crystallin and its 
purified subunits inhibited the assembly of GFAP and vimentin in a phosphorylation- and 
ATP-independent manner. In addition, α-crystallins could increase the soluble pool of 
40 Chapter 1 
GFAP when added to the preformed filaments. These results suggested the involvement of 
α-crystallins in the remodeling of intermediate filaments during development and cell 
differentiation. Furthermore, α-crystallins have been proposed to be involved in specific 
interactions with promoter elements of the murine γΕ-crystallin gene, (Pietrowski et al, 
1994). Finally, α-crystallin has been shown to exhibit protease-inhibiting activity, a useful 
function in lens cells where protein turnover is very low. The activity of elastase was 
completely inhibited by addition of α-crystallin mainly by binding of the protease to the 
complex (Ortwerth and Olesen, 1992). 
OUTLINE OF THIS THESIS 
aA-, aB-crystallin and HSP25 are structurally and functionally highly similar proteins. 
Nevertheless, each of them displays a very specific expression pattern, suggesting 
variations in their function due to structural differences. Previous studies upon the 
functional properties of α-crystallins as small HSPs were mainly restricted to in vitro 
experiments with purified proteins. The main purpose of this thesis was to compare 
functional properties of aA-, aB-crystallin and HSP25 in a cellular environment in order 
to obtain experimental data that could help to explain their tissue- and development-
specific expression patterns. 
The virtually exclusive restriction of αΑ-crystallin expression to the eye lens, in contrast to 
the broader expression of aB-crystallin and HSP25/27, prompted us to analyze whether 
αΑ-crystallin shares the ability of aB-crystallin and HSP25/27 to protect cells against heat 
stress. In chapter 2 experiments are described confirming that αΑ-crystallin has indeed this 
functional activity. In chapter 3 the relative capacities of aA-, aB-crystallin and HSP25 to 
protect cells against heat stress are estimated. Furthermore, these data are related to in vitro 
molecular chaperone-like activities of the three small HSPs. Chapter 4 deals with heat-
induced insolubilization and translocation of these proteins, which is related to the activity 
to accelerate cellular recovery from nuclear protein aggregation. In chapter 5 stress-induced 
phosphorylation is analyzed. 
The results presented in this thesis confirm that α-crystallins can be recognized functionally 
as members of the small heat shock protein family. Furthermore, they contribute to the 
discussion whether the chaperone-like activity of small HSPs or other activities, such as 
their ability to modulate cytoskeletal elements, are important for functional activity in vivo. 
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ABSTRACT 
The bovine eye lens protein αΑ-crystallin has been overexpressed both by stable transfection of 
HeLa cells and by transient transfection of NIH 3T3 cells. In both experimental systems αΑ-
crystallin overexpression results in an increased cellular thermoresistance as judged by different 
clonal survival assays. In contrast, similar overexpression of another stable lens protein, ßB2-
crystallin, does not confer thermoresistance. These results indicate that the structural relationship of 
αΑ-crystallin to the small heat shock proteins HSP25/27 and lo аВ-crystallin is sufficient for the 
shared thcrmoprotective function of all of these molecules and strongly suggests that the chaperone-
like properties that they have in common are responsible for the conferred cellular 
thermoresistance. 
INTRODUCTION 
Heat shock proteins can protect cells from damage caused by heat or other forms of stress. 
Accordingly, for several members of different HSP families it has been demonstrated that 
their artificial overexpression confers increased thermoresistance in various cellular systems 
(for recent reviews see Gething and Sambrook, 1992; Parseli and Lindquist, 1993; 
Hendrick and Hartl, 1993; Arrigo and Landry, 1994). For the small heat shock proteins, 
which are ubiquitous and range in size from 15-30 kDa (De Jong et ai, 1993), cellular 
thermoresistance provided by their overexpression has been reported (Landry et al, 1989; 
Knauf et al, 1992; Rollet et al, 1992). A striking sequence similarity exists between the 
C-terminal parts of proteins belonging to this group of HSPs and the aA- and aB-
crystallins (De Jong et al, 1993; Ingolla and Craig, 1982). The latter show a sequence 
identity of 55% (Van der Ouderaa et al, 1974). Together, the 20 kDa aA- and aB-
crystallins are the subunits that form soluble complexes of up to 800 kDa, constituting one 
of the most abundant protein components in the vertebrate eye lens (1981). 
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The discovery that expression of aB-crystallin is not restricted to the lens (Bhat and 
Nagineni, 1989; Dubin et al, 1989; Iwaki et al, 1989), was a major breakthrough in 
crystallin research. Expression of aB-crystallin was found in many tissues, reaching levels 
of up to 2 % in soleus muscle (Kato et al, 1991b), and is increased in neuro-degenerati ve 
diseases (Iwaki et al, 1992; Renkawek et al, 1994b), in brain tumors (Kato et al, 1993) 
or during oncogene expression (Klemenz et al, 199la). In addition, expression of αΒ-
crystallin can be induced by heat, osmotic and arsenite stress (Dasgupta et al, 1992; 
Klemenz et al, 1991b). Finally, the recent finding that aB-crystallin confers cellular 
thermoresistance (Aoyama et al, 1993a) left no doubt as to its being not only 
evolutionarilly, but also functionally a member of the small HSP family. 
The extra-lenticular expression of αΑ-crystallin has also been reported, but only at very 
low levels (Kato et al, 1991a; Srinivasan et al, 1992), and, in contrast to the aB-crystallin 
gene (De Jong et al, 1989), no heat shock element has been identified in its promoter 
region. It was thus conceivable that between the two subunits, aB-crystallin had retained 
its function as a stress protein, whereas αΑ-crystallin had become adapted to function as a 
lens structural protein. 
Recently, a major piece of the puzzle concerning the functional similarities between 
members of the small HSP family was solved by the discovery that aA- and aB-crystallin 
as well as HSP25 showed molecular chaperone-like activity in vitro (Horwitz, 1992; Merck 
et al, 1993a; Jakob et al, 1993). Still little is known about the other piece of the puzzle, 
the respective functions of aA- and aB-crystallin in vivo. Whereas aB-crystallin seems to 
behave as a genuine small HSP (Klemenz et al, 1991b; Aoyama et al, 1993a), this is not 
clear for αΑ-crystallin. However, because of the structural and functional relationships 
between αΑ-crystallin, aB-crystallin and HSP25/27, we wondered whether αΑ-crystallin is 
also able to provide cells with increased thermoresistance. 
In this paper, we present evidence that, in contrast to overexpression of an unrelated lens 
protein, pB2-crystaIlin, overexpression of αΑ-crystallin indeed confers cellular 
thermoresistance to different cellular systems. These data provide new insight into the 
mechanism and the minimal structural requirements for the thermoprotective functioning of 
small HSPs. 
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MATERIALS AND METHODS 
Plasmid constructions 
For the construction of aA-crystallin eukaryotic expression vectors, the 524 bp Ncol-
BamHI-fragment, containing the coding sequence of the bovine aA-crystallin cDNA, was 
taken from the vector pET8CaA (Merck et al, 1992). For the expression of ßB2-crystallin, 
the 707 bp NcoI-EcoRI-fragment of the rat ßB2-cDNA (Aarts et al, 1989) was used. Both 
fragments were independently ligated into the Smal-site of the pSVK3 vector (Pharmacia) 
leading to pSVK3aA and pSVK3ßB2, respectively. The aA-fragment was also ligated into 
the Hindlll-site of the vector pECV5 (obtained from A. Zantema, Leiden), which contains 
an RSV-promoter and a hygromycine-resistance cassette. 
Transfections, heat shock treatments and clonal survival assays 
HeLa cells were grown in DMEM (GIBCO) supplemented with 10% fetal calf serum 
(GIBCO) and antibiotics, and transfected according to Wigler et al. (1979). Stably 
transfected cell lines were obtained using hygromycine (ICN) as selecting agent, after 
which the hygromycine was left out of the medium. One day prior to heat treatment, cells 
were seeded into 25 cm2 flasks at a density of 2xl04 cells per cm2. In each experiment cells 
from one aA-expressing and one control cell line were subjected to a heat shock of 60 
min. at 45.0 + 0.1°C. For the heat treatment the flasks were immersed into a waterbath. 
Immediately after the heat treatment, cells were trypsinized, counted and seeded into 9 cm 
petri dishes at appropriate dilutions and allowed to form colonies for 9-11 days, after 
which clonal survival was determined. 
NIH ЗТЗ-cells were from clone ECO (Heidecker et al, 1990). Transfection, heat shock 
treatment and the clonal survival assay were performed as described by Knauf et al. 
(1994). 
SDS-polyacrylamide gel electrophoresis and immunoblotting 
Protein samples of the transfected cells were prepared by lysing 104 cells in 10 μ\ SDS-
sample buffer at 100°C for 5 min. Proteins were separated by one-dimensional SDS-
polyacrylamide gel electrophoresis according to Laemmli (1970) and subsequently 
transferred to PVDF-membrane (Millipore) by the method of Towbin et al (1979). 
Immuno-analysis of the blots was performed using specific polyclonal antisera and a 
chemiluminescence Western Blot kit from Boehringer. The antiserum against aA-crystallin 
was raised in rabbits against bovine lens aA-crystallin. The antiserum against bovine ßB2-
crystallin was obtained from J. Horwitz (UCLA). 
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RESULTS AND DISCUSSION 
In a first attempt to investigate whether expression of αΑ-crystallin confers cellular 
thermoresistance, we stably transfected HeLa cells with the eukaryotic expression vector 
for αΑ-crystallin pECV5aA and, as a control, with the expression vector without insert 
(pECV5). Two independent αΑ-crystallin overexpressing cell lines as well as two 
independent control cell lines were isolated. Expression of αΑ-crystallin was monitored by 
immunoblotting as shown in the insert of Fig. 1. The Western blot clearly shows 
expression of αΑ-crystallin in the αΑ-transfected cell lines whereas in the control cell lines 
no expression of αΑ-crystallin could be detected. The thermoresistance of the different 
stably transfected cell lines was determined by subjecting the cells to a single heat shock 
treatment and subsequently analysing clonal survival. The results of 4 independently 
performed experiments are presented in Fig. 1. These results show a substantial variability, 
probably due to minor differences in the condition of the cells between the different 
experiments. This variability is, however, overcome by the observation that within each 
experiment the increase in thermoresistance by αΑ-crystallin expression is significant. 
Furthermore, the ratio between clonal survival of αΑ-crystallin overexpressing cells and 
control cells always ranks between 4 to 8 fold. Therefore, these results strongly indicate 
that expression of αΑ-crystallin is responsible for an increase in cellular thermoresistance. 
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Fig. 1: Analysis of αΑ-crystallin expression and thermoresistance of stably transfected HeLa 
cells. Columns represent the clonal survival of cells expressing αΑ-crystallin (hatched boxes) 
versus control cells (black boxes) after the heat treatment as a percentage of non heat-treated cells. 
The results of 4 independent experiments are shown. Insert: Western blot analysis of the expression 
of αΑ-crystallin using 2.5 ng of bovine lens αΑ-crystallin as a marker (lane 1) and protein samples 
of 104 cells of the clones transfected with the control vector (lanes 2,3) as well as the two αΑ-
crystallin transfected clones (lanes 4,5). 
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Fig. 2: Analysis of orA- and 0B2-crystallin expression and thermoresistance of transiently 
transfected NIH 3T3 cells. Columns represent the clonal survival of NIH 3T3 cells transfected 
with the expression vector for αΑ-crystallin (hatched boxes) or ßB2-crystallin (blank boxes) or 
with the control vector (black boxes) after the heat treatment as a percentage of non heat-treated 
cells. The results of 3 independent experiments are shown. Insert: Western blot analysis of the 
expression of aA- and ßB2-crystallin. For comparison of the respective expression levels 2.5 ng of 
bovine lens aA- and ßB2-crystallin were used as markers (lane 1). Protein samples of 104 cells 
transfected with the control vector (lane 2) as well as those of the aA- or ßB2-crystallin transfected 
cells of the 3 experiments (lanes 3-5) were analyzed. 
However, it is generally recognized that stably transfected cells are genetically altered and 
thus could have a changed phenotype. Although not likely, the observed increase in 
thermoresistance could also be due to effects other than the expression of αΑ-crystallin per 
se. 
To avoid this problem of stable transfectants and to generalize the observation of increased 
thermoresistance by using a different cellular system, we transiently transfected NIH 3T3 
ECO cells with an αΑ-crystallin expression vector. For these experiments we used the 
vector pSVK3aA and the same vector without insert as a control. Two days after 
transfection expression of αΑ-crystallin was examined by immunoblotting as shown in the 
insert of Fig. 2. In parallel, another batch of the transfected cells was subjected to a heat 
shock at 44.5 ± 0.1 °C for 60 min. The ability of the cells to survive the heat treatment was 
determined by examining the number of colonies that had grown 6-8 days after seeding the 
cells into soft agar. The results of three independent experiments are depicted in Fig. 2. 
These results indicate that overexpression of αΑ-crystallin can also provide NIH 3T3 cells 
with thermoresistance, thus confirming and extending the results of the experiments with 
HeLa cells. 
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It is possible that introduction of denatured or mutated proteins into eukaryotic cells as 
well as transient expression of exogenous proteins can trigger a general stress response 
(Ananthan et al, 1986). It has been previously reported (Knauf et al, 1994) that 
overexpression of HSP25 in these NIH 3T3 ECO cells does not change the intracellular 
levels of HSP70, HSP90 and aB-crystallin, which are all known to be heat inducible 
proteins (Klemenz et al., 1991b; Hatayama et al, 1993). Because of the structural 
relationship between aA-crystallin and HSP25 (Merck et al, 1993a) we reasoned that this 
would also be the case for expression of aA-crystallin. Nevertheless, to eliminate the 
possible effect of expression of an exogenous protein on the cellular thermoresistance, we 
determined the effect of expression of the unrelated ßB2-crystallin. This protein was 
chosen because, like aA-crystallin (Maiti et al, 1988), it is a very stable protein (Horwitz 
et al, 1986; Mostafapour and Schwartz, 1981) and its expression is mainly restricted to the 
lens and has not been reported for any eukaryotic cell line. In addition, unlike aA-
crystallin, ßB2-crystallin has no molecular chaperone activity (Horwitz, 1992) and is 
therefore not expected to have heat shock protein properties (Parseli and Lindquist, 1993; 
Hendrick and Hartl, 1993). Since it has been reported that the increase in cellular 
thermoresistance caused by overexpression of small HSPs in mammalian cells correlates 
with the expression level (Aoyama et al, 1993a; Knauf et al, 1994), it is important that 
those of ßB2- and aA-crystallin be comparable. For that reason, we determined these 
expression levels by semi-quantitative immunoblotting (see the insert of Fig. 2) and found 
that the level of ßB2-crystallin overexpression was comparable with that of aA-crystallin 
and estimated to be 2.5 ng protein/104 transfected cells. Analysis of the clonal survival of 
the cells overexpressing ßB2-crystallin was carried out in parallel with those of the aA-
crystallin transfected cells and shows convincingly that there is no significant increase in 
thermoresistance when an unrelated protein such as ßB2-crystallin is overexpressed (Fig. 
2)· 
The data presented allow the conclusion that expression of aA-crystallin in mammalian 
cells provides these cells with thermoresistance. Apparently, despite its almost exclusive 
function as a lens structural protein and its evolutionary divergence, aA-crystallin has 
retained the thermoprotective capacity shared by aB-crystallin and HSP25/27 (Landry et 
al, 1989; Aoyama et al, 1993a; Knauf et al, 1994). The present data and those in the 
literature (Landry et al, 1989; Aoyama et al, 1993a; Knauf et al, 1994) do not yet allow 
a good comparison of the relative thermoprotective capacities of these proteins. It will be 
interesting to assess this matter in further detailed comparative studies. Our present findings 
further support the functional relationship between these members of the small HSP family. 
In addition, our results support the notion that there is a direct relationship between the in 
vitro activity of a protein as a molecular chaperone and its capability to confer cellular 
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thermoresistance (Parseli and Lindquist, 1993; Hendrick and Hartl, 1993; Knauf et al, 
1994) by showing that of two proteins, aA- and ßB2-crystallin, the one with molecular 
chaperone activity is able to confer cellular thermoresistance, whereas the other is not. 
Because no stress related function of αΑ-crystallin has been reported until now, the 
physiological significance of the thermoresistance conferring activity of αΑ-crystallin 
remains to be elucidated. 
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ABSTRACT 
Three members of the mammalian small heat shock protein family, aA-crystallin, aB-crystallin and 
HSP25, have all proved to be capable of providing cellular thermoresistance and appear to have a 
specific role in protecting cells against various kinds of stress in different tissues in vivo. Since the 
discovery of their in vitro molecular chaperone-like activity, it has been of great interest to 
determine the relevance of this activity to the function of these proteins in vivo. Here we show that 
cellular thermoprotection by small heat shock proteins can be easily and quickly quantified using a 
luciferase assay as a sensor for cellular viability, as a measure of the protection of protein synthesis 
by small HSPs. Using this assay, we showed that aB-crystallin is the most effective of the small 
heat shock proteins in protecting cells against heat stress. In contrast, comparison of the in vitro 
molecular chaperone-like activity of the three small heat shock proteins proved HSP25 to be the 
most efficient one in preventing reduction-induced aggregation of insulin at physiological 
temperatures, followed by aB- and aA-crystallin, in this order. In addition, using the same viability 
and chaperone assays, we demonstrated that a mutant of aA-crystallin, aA(D69S), which has 
diminished chaperone-like activity, does not display a decreased thermoprotection in vivo. We 
conclude, therefore, that the chaperone-like activity of small heat shock proteins does not directly 
correlate with their ability to protect cells against heat stress. This indicates that either the in vitro 
and in vivo assays identify and measure different aspects of the chaperone activity of the small 
HSPs or the involvement of other yet unknown activities. 
INTRODUCTION 
Since the time that a-crystallins have been discovered to be structural and functional 
members of the small heat shock protein family, their function in stress protection has been 
the subject of much research. This interest has been boosted by the finding of their extra-
lenticular expression (reviewed in Boelens and De Jong, 1995). In addition to a-crystallin, 
which consists of two subunits, aA- and aB-crystallin (Bloemendal, 1981), the mammalian 
small HSP family contains two other members, the well described HSP25, called HSP27 in 
human (reviewed by Arrigo and Landry, 1994) and the more recently discovered p20 (Kato 
et al., 1994a). Ovcrexpression of aA- and aB-crystallin, as well as HSP25, has been found 
to confer cellular thermoresistance (Van den IJssel et al., 1994; Aoyama et al, 1993a; 
54 Chapter 3 
Landry et al, 1989) and except for αΑ-crystallin their expression is induced upon heat 
stress (Klemenz et al, 1991b; Chrétien and Landry, 1988). Besides its abundant presence 
in the eye lens, aB-crystallin is, like IISP25, expressed in many other tissues (Kato et al, 
1991b; Gemold et al, 1993) and elevated under pathological conditions (Iwaki et al, 
1989; Kato et al, 1992; Aoyama et al, 1993b; Renkawek et al, 1994b). Although the 
tissue-specific expression pattern of αΑ-crystallin is much more limited (Kato et al, 
1991a), these data suggest important functions for small HSPs in the protection of cells 
against various kinds of stress. 
The subunits of aA-, aB-crystallin and HSP25 form large homo- or heteropolymeric 
complexes with a molecular mass of 400-800 kDa (Boelens and De Jong, 1995). Although 
their exact tertiary and quaternary structures remain unknown, the fact that different 
subunits can occur in the same complex indicates their structural similarity (Zantema et al, 
1992; Merck et al, 1993a). The discovery that these complexes can prevent heat-induced 
aggregation of proteins in vitro (Horwitz, 1992; Merck et al, 1993a; Jakob et al, 1993) 
suggested their function in maintaining lens transparency (Boyle and Takemoto, 1994; 
Wang and Spector, 1994; Rao et al, 1995). Moreover, this molecular chaperone-like 
activity could, by intervening with protein aggregation in the cell (Stege et al, 1995), be 
involved in the stress protecting activity of the small HSPs. Interestingly, in vitro 
experiments recently have shown accumulation of folding intermediates on the HSP25 
complex, which could be released and reactivated in the presence of HSP70 and ATP 
(Ehmsperger et al, 1997) or reticulocyte lysate and ATP (Lee et al, 1997). The cellular 
protection against heat stress provided by overexpression of HSP27 has been reported to be 
modulated by its heat- or mitogen-induced phosphorylation (Lavoie et al, 1995). 
Moreover, these authors present evidence that stabilization of microfilaments is a major 
target of the protective function of HSP27, thus indicating that other properties than the 
chaperone-like activity can be involved in cellular protection. However, others report that 
this protection is independent of HSP25 phosphorylation (Knauf et al, 1994). 
Since αΑ-, aB-crystallin and HSP25 all have chaperone-like activity in vitro and provide 
thermoprotection in vivo, we decided to investigate the possible role of the in vitro activity 
for their function as a stress protecting protein in vivo. In addition to the wild type 
proteins, cellular thermoprotection was analyzed as provided by a mutant of αΑ-crystallin 
with diminished chaperone-like activity. Here we show that the in vivo protective activity 
can be quantified by the measurement of co-transfected luciferase one day after heat stress. 
Using this newly developed assay, we were able to generate quantitative data, which show 
that there is no direct relation between the molecular chaperone-like activity of small HSPs 
and their ability to provide cellular thermoprotection. 
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MATERIALS AND METHODS 
Bacterial expression and purification of recombinant proteins 
For bacterial expression of recombinant bovine αΑ-crystallin, rat aB-crystallin and mouse 
HSP25 the host E. coli BL21(DE3)pLysS was transformed with the constructs pET8caA 
(Merck et al, 1992), pET16baB (the rat аВ-crystallin coding sequence ligated between the 
Ncol and Xhol restriction sites of the vector pET16b, Novagen, UK), and pAK3038p25 
(Gaestel et al, 1989), respectively. Induction, cell lysis and fractionation were performed 
essentially as described by Merck et al (1992). Purification was done as described for αΑ-
crystallin by Smulders et al. (1995b). 
Reconstitution, gel permeation analysis and tryptophan fluorescence 
Purified recombinant aA-, aB-crystallin and HSP25 were reconstituted and analyzed by 
gel permeation and tryptophan fluorescence spectrometry essentially as described by 
Smulders et al. (1995b), using 50 μg protein in 200 μΐ of phosphate buffer (0.1 M Na^O,,, 
20 mM NaP„ pH 6.9) for gel permeation. Amino acid composition and protein 
concentrations were determined using a Pharmacia Biochrom 20 amino acid analyzer. 
Chaperone assay 
The capacity to diminish the reduction-induced aggregation of insulin was determined at 
37°C or 44°C with an accuracy of 0.3°C, essentially as described by Smulders et al. 
(1996). The final insulin concentration was 350 μg/ml as determined by a BCA protein 
assay (Pierce, USA). 
Cell culture, transfections, heat shock and enzyme analysis 
Chinese hamster ovary (CHO) cells (strain HA-1) were cultured under standard conditions 
in DMEM (GibcoBRL, USA) supplemented with 10% fetal bovine serum (GibcoBRL) and 
antibiotics. For transfection, 5xl05 cells were seeded into 9.5 cm2 culture dishes. The next 
day cells were transfected with a mixture of 2 μg DNA, using LipofectAMINE 
(GibcoBRL) according to the manufacturer's protocol. The DNA mixture consisted of 0.2 
μg pGL2control (a luciferase expression plasmid, Promega, USA), 0.2 μg of pSPHO 
(containing the ß-galactosidase expression cassette of pCHHO; (Hall et al, 1983), and 1.6 
μg of one of the expression vectors for aA-, aA(D69S)-, aB-, ßB2-crystallin or HSP25. 
The latter amount was reduced if required to achieve diminished expression levels, but 
always adjusted to 1.6 μg with the parent vector pSVK3 (Pharmacia, Sweden). 
Alternatively, transfection was scaled up to 23 cm2 dishes using 5 pg of the DNA mixture. 
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The αΑ-crystallin expression vectors were pSVK3aA (Van den IJssel et al, 1994) and 
pSVK3aA(D69S), containing the mutated insert of pET8caA(D69S) (Smulders et al, 
1995а), for expression of bovine αΑ-crystallin and its mutant, respectively, under control 
of the SV-40 early promoter. The plasmid pRSVaB, containing the gene for expression of 
hamster aB-crystallin (Quax-Jeuken et al, 1985), and the plasmid pECV5ßB2, containing 
the rat ßB2-crystallin cDNA (Aarts et al, 1989), both under control of the RSV-promoter, 
were used to express aB- and ßB2-crystallin, respectively. HSP25 was expressed with the 
vector pCMVHSP25 (kindly provided by Dr. Alt Zantema, Leiden) containing the mouse 
HSP25 cDNA under control of the CMV promoter. 
One day after transfection, cells from each dish were subcultured into new 9.5 cm2 culture 
dishes, each containing 1.5xl05 cells. A 50 min heat shock at 44.5°C was applied to the 
cells 48 h after transfection unless indicated otherwise or cells were kept at 37°C for 
control. This was done by immersion of the culture dishes into a water bath that was 
temperature-regulated with an accuracy of 0.1 °C. Transfection efficiencies were assessed 
by staining cells in one of the parallel subcultures for ß-galactosidase activity 48 h after 
transfection (Sambrook et al, 1989) and found to be comparable amongst the different 
plasmid mixtures used. For determination of luciferase activity at indicated times, cells 
were rinsed twice with PBS and lysed in 200 μΐ of lysis buffer (25 mM bicine pH 7.8, 
0.05% (v/v) Tween-20, 0.05% (v/v) Tween-80) for 10 min at room temperature. After 
fractionation, 20 μΐ of the supernatant was used to measure luciferase activity according to 
the protocol of the manufacturer (Promega) using a Bio Orbit 1253 luminometer. 
Cell lysis and dot blot preparation 
48 h after transfection, cells from parallel culture dishes were rinsed twice with PBS and 
scraped off the dish in PBS containing 0.5 mM PMSF (dilution from a 0.1 M PMSF stock 
solution in isopropanol) and 1 μg/ml aprotinine. The homogenous cell suspension was 
divided into two parts to undergo a separate treatment, one for Western blot and one for 
dot blot analysis. Cells in the first part were lysed in SDS-sample buffer. The other cells 
were lysed by freezing in liquid nitrogen and subsequent thawing for three times. Then a 
soluble cell lysate was obtained after 5 min of centrifugation at 10,000 g and 4°C. The 
supernatant was used to determine protein concentration in duplo (Bradford, 1976) after 
which samples containing 2 μg protein were diluted to a volume of 100 μΐ with PBS and 
loaded on nitrocellulose (Schleicher and Schuell, Germany). Reference samples were 
prepared by dilution of known concentrations of the recombinant aA-, aB-crystallin or 
HSP25 in a solution of 2 μg of total water-soluble protein from non-transfected CHO cells 
per 100 μΐ PBS. After washing with PBS, dot blots were dried and used for 
immunodetection exactly as described for Western blots. For detection of aA- or 
aA(D69S)-crystallin a polyclonal antiserum raised in a rabbit against bovine lens aA-
In vitro versus in situ chaperone activity of small HSPs 57 
crystallin or the monoclonal antibody Cr.I-1 (Hendriks et al, 1988) against rat ctA-
crystallin was used. aB-crystallin was identified using two different polyclonal antisera 
raised in rabbits against LAP-70, an oligopeptide identical to the C-terminal 13 residues of 
mammalian ctB-crystallins (a kind gift of Dr. Joseph Horwitz, UCLA, USA) conjugated to 
keyhole limpet hemocyanin. One of two polyclonal antisera against HSP25 was kindly 
provided by Dr. Alt Zantema, Leiden, the other one was raised in a rabbit against purified 
recombinant HSP25. 
SDS-PAGE, Western blotting and isoelectric focussing 
SDS-PAGE was performed according to standard procedures (Laemmli, 1970) using 13% 
Polyacrylamide gels. After electrophoresis, proteins were either stained with Coomassie 
Brilliant Blue or electrotransferred to nitrocellulose (Towbin et al., 1979). For 
immunodetection nitrocellulose filters were soaked in TBST-milk buffer (10 mM TrisCl 
pH 8.0, 150 mM NaCl, 0.05 % (v/v) Tween-20, 5% (w/v) milk powder) after which 
primary antisera (described earlier) were added for a 2 h incubation at a 1:2000 dilution. 
After three washes with ТВ ST, detection was performed with alkaline phosphatase 
conjugated to anti-rabbit (Promega) or anti-mouse (Dako, Denmark) IgG antibodies. 
Western blots and dot blots were evaluated by densitometry using a Bio-Rad GS-670 
imaging densitometer. 
For one-dimensional isoelectric focussing and Coomassie Brilliant Blue staining of purified 
proteins, the procedure described by Van den Oetelaar et al. (1990) was used. For analysis 
of aA- or aA(D69S)-crystallin in cell lysates, this method was modified for use in other 
equipment to enable Western blotting of the gel and staining as described above. 
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RESULTS 
Isolation and characterization of recombinant aA-, ctB-crystallin and HSP25 
In order to compare the molecular chaperone-like activity of aA-, aB-crystallin and 
HSP25 in vitro, we isolated recombinant bovine aA-crystallin, rat aB-crystallin and mouse 
HSP25. Expression levels in E. coli were up to 40%, and upon fractionation of the 
bacterial lysate each of the overexpressed proteins appeared in the water-soluble fraction as 
judged by SDS-PAGE (data not shown). Using denaturing anion-exchange chromato­
graphy, the expressed proteins were purified up to 95-98% (Fig. 1A). The identity of the 
purified proteins was confirmed by immunoblotting (Fig. IB) and by amino acid analysis 
(data not shown). One-dimensional isoelectric focusing revealed their isoelectric purity and 
confirmed their relative isoelectric points, aA-crystallin being the most acidic and aB-
crystallin the most basic protein of the three (Fig. 2, lanes 1-3). Furthermore, when 
compared to native α-crystallin, which contains both aA- and aB-crystallin and their 
monophosphorylated forms aAl and aBl (Fig. 2, lane 4), it can be seen that the 
recombinant proteins are slightly more basic, due to the fact that their N-termini are not 
blocked by acetylation. To avoid isolation and purification artefacts, all products were 
refolded in urea under identical conditions before further characterization. 
B. 1 2 3 M 
-106 
- 80 
- 49.5 
- 32.5 
-mm - 27.5 
«* - 18.5 ~~ - 18.5 
Fig. 1. Purification and identification of recombinant aA-, aB-crystallin and HSP25. A, 
Coomassie Brilliant Blue-stained protein partem after SDS-PAGE. Samples are: purified 
recombinant bovine aA-crystallin (lane 1), recombinant rat aB-crystallin (lane 2) and recombinant 
mouse HSP25 (lane 3). B, corresponding Western blot, probed with polyclonal antisera against 
bovine aA-crystallin (lane 1), aB-crystallin (lane 2) and mouse HSP25 (lane 3). M, Molecular 
mass markers, mass indicated by the numbers (kDa). 
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Fig. 2. Charge comparison of the purified recombinant aA-, aB-crystallin and HSP25. 
Coomassie Brilliant Blue-stained protein pattern after isoelectric focussing under denaturing 
conditions. Samples are: recombinant bovine αΑ-crystallin (lane 1), recombinant rat aB-crystallin 
(lane 2), recombinant mouse HSP25 (lane 3) and bovine lens α-crystallin (lane 4). Subunits of the 
latter protein are indicated ctA2 and aB2 for the non-phosphorylated, and aAl and aBl for the 
monophosphorylated forms of aA- and aB-crystallin, respectively. Acidic and basic sides are 
indicated. 
To examine whether the purified and refolded aA-, aB-crystallin and HSP25 subunits 
form native-like multimene structures, they were analyzed by gel permeation chromato­
graphy. Using a calibrated Superóse 6 column, the proteins were loaded after being 
incubated for 30 min at 37°C or 44°C, being the same temperatures as used for assaying 
molecular chaperone-like activity. In Table 1 the elution volumes and the estimated 
molecular masses are listed. It turns out that the recombinant small HSPs indeed form 
native-like complexes of 650-700 kDa. Furthermore their size slightly increases when the 
temperature is raised from 37°C to 44°C. This phenomenon, which is most pronounced for 
αΑ-crystallin, has been observed before for recombinant rat aA- and aA,Ils-crystallin 
(Smulders et al., 1995b) as well as for native α-crystallin (Siezen et al., 1980). 
Table 1. Size of the multimene complexes of recombinant aA-, aB-crystallin and HSP2S as 
determined by gel permeation chromatography. Samples of 50 ng protein in 200 μΐ phosphate 
buffer pH 6.9 were incubated for 30 min at 37°C or 44°C and directly afterwards analyzed on a 
Superóse 6 gel permeation column at room temperature. Molecular masses were estimated by 
calibrating the column with thyroglobulin (669 kDa), ferritin (440 kDa) and catalase (232 kDa). 
Sample 
αΑ-crystallin 
aB-crystallin 
HSP25 
Elution volume 
37°C 
ml 
12.20 
12.15 
11.80 
44°C 
ml 
11.65 
12.00 
11.70 
Molecular Mass 
37°C 
MDa 
0.65 
0.66 
0.69 
44°C 
MDa 
0.70 
0.67 
0.70 
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Another feature of α-crystallins and small HSPs is their great structural stability, which is 
reflected by a high resistance against denaturation upon heating (Maiti et al, 1988). By 
analyzing the thermostability of the recombinant purified proteins, we thus can get an 
indication of their structural integrity. We analyzed the conformational stability of the 
purified aA-, aB-crystallin and HSP25, as well as ßB2-crystallin purified from bovine eye 
lens, by tryptophan fluorescence spectroscopy. This technique is based on the change of the 
fluorescence emission maximum (kcm) of tryptophan residues upon solvent exposure. The 
λ,,π f°r tryptophan residues can vary from about 330 nm (completely buried) to about 353 
nm (completely exposed) (Burstein et al, 1973). αΑ-, αΒ-, ßB2-crystallin and HSP25 
contain 1, 2, 5 and 6 tryptophan residues, respectively, and their fluorescence emission 
maximum as a function of temperature is presented in Fig. 3. The red shift shown by ßB2-
crystallin at about 55°C indicates a conformational change (Maiti et al, 1988) and is used 
here as a positive control. The Xem of aA-, aB-crystallin and HSP25 ranges between 338 
and 342 nm, which indicates that their tryptophan residues are partially buried. More 
importantly, their λ^ is constant or at most increases slightly upon heating. This strongly 
indicates that all recombinant purified small HSPs retain at high temperatures, like native 
α-crystallin (Maiti et al, 1988), at least the conformation of their hydrophobic N-terminal 
domain (Wistow, 1985) in which all tryptophan residues are located. 
Km (nm) 
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Fig. 3. Thermostability of aA-, aB-, 0B2-crystallin and HSP25. The tryptophan emission 
maximum (X
em
) of aA-, aB-, ßB2-crystallin and HSP25 was determined as a function of 
temperature. Proteins were dissolved in phosphate buffer pH 6.9 at a concentration of 100 ця/ті. 
The excitation wavelength was set to 295 nm and fluorescence emission spectra were recorded at 
increasing temperatures over a range of 320-380 nm. 
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Molecular chaperone-like activity 
In order to be able to relate the in vitro molecular chaperone-like activity of both ct-
crystallins and HSP25 to their activity as a cellular stress-protecting protein, it is necessary 
to assay also the in vitro activity at physiological temperatures. The finding of Raman et 
al. (1995a) that the chaperone-like activity of a-crystallin is temperature-dependent, which 
was recently confirmed in our laboratory (M. van Boekei, pers. comm.) makes this even 
more compelling. Therefore, we accurately quantified the chaperone-like activity of aA-, 
aB-crystallin and HSP25 using the assay that was first described by Farahbakhsh et al. 
(1995). This assay is based on the prevention of the reduction-induced aggregation of 
insulin B-chains by a-crystallin, a process that can easily be monitored by measuring the 
absorbance at 360 nm. In Fig. 4 the results of these experiments, which are performed at 
37"C, the physiological temperature, and at 44°C, the temperature at which cells are 
stressed during a heat shock, are presented. The use of different mass ratios of aA-, aB-
crystallin or HSP25 over insulin enabled a good comparison of their efficiency in 
preventing the insulin aggregation. At 37°C HSP25 is most efficient in preventing the 
aggregation followed by aB- and αΑ-crystallin, successively: 50% (w/w) αΑ-crystallin is 
needed to achieve the same result as 25% (w/w) HSP25. At 44°C the order of activity of 
aA-, aB-crystallin and HSP25 is the same, but as expected (Raman et al, 1995a) all turn 
out to be better chaperones at this temperature. Realizing that HSP25 subunits have a 
slightly larger molecular weight (23 kDa) than a-crystallin subunits (20 kDa), we must 
conclude that per subunit, HSP25 is even more efficient than аЛ- or aB-crystallin in the 
prevention of protein aggregation in vitro at physiological temperatures. 
Development of an assay for cellular heat stress protection 
In order to relate the results of the chaperone measurements with the capacity of aA-, aB-
crystallin and HSP25 to protect cells against heat stress, an accurate assay is needed to 
monitor cell viability. Inspired by results obtained by Williams et al. (1993), we chose to 
develop a method based on the protection of firefly luciferase activity. Co-transfection of 
heat shock genes with this reporter enzyme combines the advantage of transient 
transfections to easily achieve variable expression levels, with the possibility to measure 
exclusively the viability of cells that are overexpressing heat shock proteins, which 
improves the sensitivity of the assay. Chinese Hamster Ovary (CHO) cells were chosen, 
because they lack aA- and aB-crystallin and only show a very low constitutive HSP25 
expression (data not shown). Furthermore, these cells easily take up DNA and are quite 
sensitive to heat stress (Mackey and Dewey, 1988). 
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Fig. 4. Chaperone-like activity of aA-, aB-crystallin and HSP2S. Reduction-induced aggregation 
of insulin В as a function of time in the absence and presence of various amounts of aA-, aB-
crystallin and HSP25 at 37°C or 44°C The small HSP to insulin mass ratios are indicated next to 
the aggregation curves Proteins were in a total volume of 1 0 ml phosphate buffer, pH 6 9 The 
insulin concentration was 350 μg/ml The amount of 1 M dithiothreitol added was 20 μΙ Small 
HSP protein concentrations were determined by amino acid analysis to avoid protein dependent 
differences induced by conventional assays 
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In a series of experiments the different parameters of this method were optimized. To 
monitor the development of luciferase activity in co-transfected CHO cells, cell cultures 
were divided one day after transfection in order to obtain parallel subcultures. At 
consecutive time points cells were harvested and luciferase activity was determined. 
Consistent with other reports (Gorman et al., 1982), Fig. 5 shows that the luciferase 
activity reaches its maximum two days after transfection, independent of the co-expression 
of any of the small HSPs. The expression of aA-, aB-crystallin and HSP25 was monitored 
by Western blotting after SDS-PAGE (Fig. 10, lane 10). To assess the effect of a heat 
shock and the co-expression of aA-, aB-crystallin or HSP25 on the luciferase activity, the 
transfected cells should thus be heat-treated two days after transfection. 
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Fig. S. Development of luciferase activity after transfection of CHO cells. CHO cells were 
transfected with a eukaryotic expression vector for aA-, aB-crystallin or HSP25 or a parent vector 
as control, together with a luciferase expression plasmid. Luciferase activity was determined in 
parallel subcultures at consecutive moments after transfection and is presented relative to the 
activity after 48 h ¡η the differently transfected cells. 
To analyze the effect of a heat shock, cells similarly transfected were heat-treated 48 h 
after transfection and luciferase activity was monitored directly after this treatment and 
during recovery (Fig. 6). The presence of aA-, aB-crystallin or HSP25 does not prevent 
that luciferase activity decreases more than two orders of magnitude during the heat 
treatment, although some initial protection seems to be provided. However, after an initial 
—Ο— aA 
- • - a B 
- * - HSP25 
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recovery in all cells, luciferase activity further increases in cells co-expressing aA-, aB-
crystallin or HSP25 in contrast to control cells, and is stabilized after 24 h at levels 
between 40% and 80% of the initial activity. To assess whether the appearing luciferase 
activity upon recovery is the result of reactivation of inactivated luciferase or new 
synthesis, we treated cells in a similar transfection experiment with cycloheximide directly 
after the heat shock to prevent protein synthesis. Luciferase activity was monitored after 24 
h (Fig. 7) showing that increasing concentrations of cycloheximide prevent the 
development of this activity in cells overexpressing aA-, аВ-crystallin or HSP25. 
To assess the specificity of the protection by small HSPs, a non-related but stable protein, 
ßB2-crystallin, was overexpressed as a control. Expression of ßB2-crystallin was confirmed 
by Western blotting (data not shown). Stress dose dependency of the luciferase protection 
assay was then analyzed (Fig. 8) and found to be similar to that of clonal survival 
experiments (Kampinga et al, 1994). Moreover, overexpression of ßB2-crystallin turned 
out to have no significant protective effect on luciferase actitivity, suggesting that the 
protection by small HSPs is rather specific. 
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Fig. 6. Development of luciferase activity after heat shock. CHO cells were transfected with a 
eukaryotic expression vector for aA-, аВ-crystallin or HSP25 or a parent vector as control, 
together with a luciferase expression plasmid. 48 hours after transfection, cells were subjected to a 
heat treatment of 50 min at 44.5°C. Then, using parallel subcultures, luciferase activity was 
determined every two hours in the differently transfected cells and is presented relative to the 
luciferase activity before the heat treatment. 
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Fig. 7. Influence of cycloheximide on the 
development of luciferase activity after heat 
shock. CHO cells were transfected with a 
eukaryotic expression vector for aA-, aB-
crystallin or HSP25 together with a luciferase 
expression plasmid. Parallel subcultures of 
transfected cells were subjected to a heat 
treatment of 50 min at 44.5°C. Immediately after 
this treatment 0, 1 or 10 ц ^ т і cycloheximide 
was added and 24 h later luciferase activity was 
determined. The luciferase activity is presented 
relative to the luciferase activity before the heat 
treatment. 
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Fig. 8. Stress dose dependency of the development of luciferase activity after heat shock. CHO 
cells were transfected with a eukaryotic expression vector for aA-, aB-, pB2-crystallin or HSP25 
or a parent vector as control, together with a luciferase expression plasmid. Using parallel 
subcultures, transfected cells were treated for 50 min at increasing temperatures (A) or for 
increasing periods of time at 44.5°C (B). Luciferase activity was determined 24 h after the 
treatment and is presented relative to the activity of cells that were treated for 50 min at 37°C. 
66 Chapter 3 
In conclusion, we may say that the development of luciferase activity in co-transfected 
cells up to 24 hours after heat stress represents the protection of at least the protein 
synthesis machinery in a stress-dose-dependent way. Hence, this assay provides a good 
parameter for cellular viability. 
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Fig. 9. Diminished chaperone-like activity of aA(D69S)-crystallin at physiological 
temperatures. Reduction-induced aggregation of insulin В as a function of time in the absence and 
presence of various amounts of purified recombinant bovine aA- and ccA(D69S)-crystallin at 37°C 
or 44°C aA(D69S)-crystaIhn was purified as described for αΑ-crystallin The small HSP to insulin 
mass ratios are indicated next to the aggregation curves Proteins were in a total volume of 1 0 ml 
phosphate buffer, pH 6 9 The insulin concentration was 250 μg/ml. The amount of 1 M 
dithiothrcitol added was 20 μΐ Protein concentrations were determined according to Bradford 
(1976). 
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Concentration-dependent protection by aA-, aA(D69S)-, aB-crystallin and HSP25 
In addition to the wild type small HSPs, the aA-crystallin mutant aA(D69S)-crystallin was 
examined for its ability to protect cells against heat stress. This mutant has been shown to 
display a diminished chaperone-like activity in vitro in an assay at 58°C (Smulders et al, 
1995a), which could affect its ability to protect cells against heat stress in vivo. The in 
vitro chaperone-like activity of the mutant at physiological temperatures was verified (Fig. 
9). Although the results do not allow a precise quantification, they revealed the activity of 
the mutant to remain lower than that of wild-type aA-crystallin both at 37°C and 44°C. 
Furthermore, the 50% and 100% absorbance curves from aA(D69S)-crystallin at 44°C 
resemble the wild-type aA-crystallin curves of 50% and 25%, respectively. Thus, an 
activity reduction of about 50% can be estimated at 44°C due to the D69S-mutation in aA-
crystallin. 
Determination of the relative abilities of the small HSPs to protect cells against heat stress 
was done by analysis of their concentration-dependent protection. This was achieved by 
using each of the expression vectors for aA-, aA(D69S)-, aB-crystallin and HSP25 in 3 
transfections where the amount of DNA was increased in a ratio of 1:3:9. These 
transfections were performed in duplo. This resulted in transfected cells with increasing 
expression levels of the respective small HSPs as can be judged from the Western blots in 
Fig. 10. The nature of the expressed aA(D69S)-crystallin, which lacks one negative charge, 
was confirmed by isoelectric focussing of the cell lysate followed by Western blotting (data 
not shown). 
Because an accurate determination of the expression levels is required, we used dot blots in 
addition to the Western blots to quantify the level of small HSP expression in the different 
transfected cells. Reference samples of known concentrations of purified recombinant aA-, 
aB-crystallin and HSP25 were loaded in duplo next to soluble cell lysates from the 
transfected cells, which were made from parallel petri dishes at the time of the heat 
treatment. In this way four copies were made, of which two were incubated with one set of 
antisera against aA-, aB-crystallin or HSP25 and the other two with a different set of 
antisera against the same proteins. Samples containing aA(D69S)-crystallin were analyzed 
next to aA-crystallin. Since the major epitope of aA-crystallin is located in the C-terminus 
(Hendriks et al, 1988; Takemoto and Emmons, 1992), it is not expected that the mutation 
affects the reactivity with the antisera and this was confirmed by Western blotting (data not 
shown). Evaluation of both the dot blots and the Western blots in Fig. 10 by densitometry 
revealed the small HSP expression levels of the transfected cells. Although the reactivities 
of the various antibodies against aA-, aB-crystallin and HSP25 were different (Fig. 11), 
comparable results were obtained when expression levels were estimated. Results acquired 
with one of the antisera against aB-crystallin were eliminated, because of the high 
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background. Table 2 gives an overview of these results, in which the concentrations of 
both transfections are averaged. In all cases increasing expression levels are indeed 
obtained, although the extent of the increase differs between the expressed proteins and is 
not directly proportional to the amount of DNA used for transfection. 
markers cell samples 
HSP25 •• " ГО» ЩШ И'Р и —» —> -—' «•» 
Fig. 10. Expression of αΑ-, aA(D69S)-, аВ-crystallin and HSP25 in transfected CHO cells. 
Transfected cells were harvested simultaneously with the heat treatment of parallel subcultures and 
divided over separate tubes, one of which was used to determine total protein concentration, and 
cells in the other were dissolved in SDS-sample buffer. Amounts of this solution representing 6 pg 
(αΑ), 8 pg (aA(D69S), aB) or 4 pg (HSP25) cell protein were analyzed by SDS-PAGE and 
Western blotting using the first mentioned of the antisera against αΑ-, аВ-crystallin or HSP25 as 
described in Materials and Methods. Reference samples, consisting of purified recombinant proteins 
in cell lysates of non-transfected CHO cells (lanes 1-3), contained 4, 8 and 16 ng aA-crystallin 
(αΑ), 2, 4 and 8 ng aA-crystallin (aA(D69S)), 1, 2 and 4 ng аВ-crystallin (aB) or 2, 4 and 8 ng 
HSP25 (HSP25), respectively, and were used for quantification. Lanes 4-9: expression levels in 
cells transfected in duplo with increasing amounts of DNA in a ratio of 1 (lanes 8,9) to 3 (lanes 
6,7) to 9 (lanes 4,5) for the determination of the concentration-dependent protection of luciferase 
activity. Lane 10: expression level of transfected cells used for experiments described in Figs. 5, 6 
and 7. 
In order to subject the transfected cells to such a severe heat shock that a clear distinction 
is achieved between control cells and those overexpressing small HSPs, and which is 
associated with reasonable protection levels, a treatment of 50 min at 44.5°C was chosen. 
In Fig. 12 the average result from each of the duplicate transfections is related to the 
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Fig. 11. Reactivity of different antisera against aA-, aB-crystallin or HSP25. Increasing 
concentrations of reference samples of recombinant purified aA-, aB-crystallin and HSP25 were 
loaded on dot blots to quantify protein expression levels. The antisera used are the polyclonal (•) 
and monoclonal (n) against aA-crystallin, the first (•) and the second (D) of both polyclonals 
against aB-crystallin and both polyclonals against HSP25, one from Dr. Zantema (•) and one 
prepared in our laboratory (a). All antisera and dilutions are described in detail in Materials and 
Methods. The density (OD) of the spots used for quantification is displayed against the amount of 
aA-, aB-crystallin or HSP25 as indicated. 
Table 2. Expression levels of aA-, aA(D69S)-, aB-crystallin and HSP25. Mean values of small 
HSP expression levels in transfected cells used for measurement of concentration-dependent 
protection of luciferase activity. 
Expressed 
protein 
aA-crystallin 
> Í 
я 
aA(D69S)-crystaIlin 
41 
15 
aB-crystallin 
11 
ΐ ϊ 
HSP25 
„ 
Relative amount of 
transfected DNA 
1 
3 
9 
1 
3 
9 
1 
3 
9 
1 
3 
9 
Expression level 
(ng^g cell protein) 
0.28±0.01 
1.18+0.13 
2.77+0.23 
0.0910.01 
0.4910.06 
0.81+0.08 
0.09+0.02· 
0.24Ю.01 
0.4410.03 
0.50+0.11 
1.2610.11 
2.13+0.70 
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expression levels as shown in Table 2 to give an indication of the concentration-dependent 
protection of the luciferase activity by aA-, aA(D69S)-, aB-crystallin and HSP25. In 
contrast to the results of the in vitro assay, where HSP25 proved to be the most effective 
of the wild type proteins, here aB-crystallin turns out to be the most efficient one in 
restoring luciferase activity. Small increases in expression levels of this protein already 
highly induce protection, whereas aA-crystallin and HSP25 cause a much slower increase 
of protection upon rising expression levels. About five times higher expression of aA-
crystallin or HSP25 is needed to achieve a 50% restoration of luciferase activity. Moreover, 
despite its diminished chaperone activity in vitro, aA(D69S)-crystallin displays an equal or 
even better activity than wild-type aA-crystallin in the in vivo assay. Therefore, we must 
conclude that the capacity of small HSPs for protection of cells against heat stress is not 
directly related to their molecular chaperone-like activity as measured in vitro. 
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Fig. 12. Concentration-dependent protection of luciferase activity by aA-, aA(D69S)-, aB-
crystallin and HSP25. Luciferase activity was determined 24 h after heat shock ¡n CHO cells co-
transfected with increasing amounts of DNA to overexpress aA-, aA(D69S)-, aB-crystallin and 
HSP25, respectively. Protein expression levels were quantified as listed in Table 2. Luciferase 
activity is presented relative to the activity of cells that were treated for 50 min at 37°C. The 
results of two identical transfections were averaged and the error bars represent standard deviation. 
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DISCUSSION 
The first of two parameters to be compared in the present study, the molecular chaperone-
like activity, common to members of the mammalian small heat shock protein family, has 
been determined in vitro by measuring the prevention of protein aggregation induced by 
heat or chemicals. Quantified in this manner, the activity of ctA-, aB-crystallin and HSP25 
turned out to exhibit small differences. HSP25 is more effective than aB-crystallin, which 
in turn is better than αΑ-crystallin in preventing the aggregation of insulin both at 37°C 
and 44°C (Fig. 4). Structural characterization of the purified proteins revealed that they all 
form properly folded, native-like oligomeric structures, indicating that the observed 
differences are specific for the analyzed proteins. Furthermore, it is evident that the activity 
of all small HSPs is about two-fold higher at 44°C than at 37°C. This has been reported 
earlier for a-crystallin (Raman et al., 1995a) and could be explained by an increase of the 
surface hydrophobicity above 40°C (Das and Surewicz, 1995b). Functionally, this 
observation could indicate that small HSPs are designed to act optimally under heat-stress 
conditions. The discrepancy between our results and those reporting that αΑ-crystallin 
displays a better chaperone-like activity than aB-crystallin (Wang et al., 1995; Van Boekel 
et al., 1996), has recently been solved. Whereas previous results were usually obtained at 
temperatures of about 60°C, it has now been established that the order of activity of the a-
crystallins inverts when temperature is decreased to physiological values (Sun et al., 1997, 
M. van Boekel, pers. comm.). This underscores the importance of the correct temperature 
for our experiments. The chaperone-like activity of aA(D69S)-crystallin is still diminished 
at physiological temperatures compared to that of wildtype αΑ-crystallin, but the reduction 
is only two-fold instead of three-fold as observed at 58°C (Smulders et ai, 1995a). 
Although there is considerable evidence for the presence of two domains and a C-terminal 
tail in small HSP subunits (Wistow, 1985), the lack of detailed information about their 
tertiary and quaternary structures seriously limits the understanding of the mechanism of 
their chaperone-like activity. Hence, there is no basis yet to explain the differences between 
the chaperone activities of aA-, aB-crystallin and HSP25. However, progress has recently 
been made in understanding the role of the C-terminal extension, which is very flexible 
and comprises the C-terminal 8 or 10 amino acids for aA- and aB-crystallin, respectively 
(Carver et al., 1992). Smulders et al. (1996) showed that immobilization of the extension 
of αΑ-crystallin reduces chaperone-like activity. Consequently, they assume that the arm, 
of which the flexibility is not affected upon substrate binding (Carver et al., 1995b), 
functions as a solubilizer in the complex. This is a very important function, because the 
hydrophobicity of the complex is increased upon binding of partially unfolded substrate 
proteins (Carver et al., 1995b). Taking this into account, the better chaperone activity of 
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HSP25 might be explained by its longer, and thus more hydrophilic extension, consisting 
of the C-terminal 18 amino acids (Carver et al, 1995a). In addition, this assumption could 
explain the higher activity of ccB-crystallin compared to that of aA-crystallin, because its 
extension is two amino acids longer and the two C-terminal residues are charged instead of 
the neutral, polar ones in aA-crystallin, thus causing a better hydration. Another 
explanation for our results might be found by considering the N-terminal hydrophobic 
domain. Since surface hydrophobicity is important for chaperone-like activity, hydrophobic 
patches in α-crystallin have recently been proposed to be significant in this respect (Smith 
et al, 1996) and the N-terminal domain of aB-crystallin specifically incorporates the 
hydrophobic probe bis-ANS (Smulders and De Jong, 1997), the 18-27 amino acids longer 
N-terminal domain of HSP25, could be relevant. 
Given the situation in the eye lens, in which aA- and aB-crystallin are much higher 
expressed than HSP25, our finding that the latter protein has the most efficient molecular 
chaperone-like activity, sheds another light on the function of both a-crystallins in the eye 
lens. Although their chaperone-like activity is thought to be essential for maintaining lens 
transparency (Boyle and Takemoto, 1994; Wang and Spector, 1994; Rao et al, 1995), 
other properties or functions of these proteins may as well be responsible for their extreme 
upregulation. On the other hand HSP25 might have other properties that make this protein 
less favorable for very high expression in the lens. Nevertheless, our data suggest that in 
evolution, chaperone-like activity has not been the only parameter in the determination of 
a-crystallins as major eye lens proteins. 
The second parameter in our comparison is the ability of the small HSPs to protect cells 
from damage caused by heat shock. To quantify this parameter we determined the activity 
of co-expressed luciferasc after heat stress. The inhibition of the development of this 
activity by cycloheximide indicates that the activity is most likely the result of newly 
synthesized luciferase. On the other hand, reactivation of heat-inactivated luciferase that is 
bound to the small HSPs, as has been shown in vitro (Lee et al, 1997), cannot be totally 
excluded, but then protein synthesis would be necessary for reactivation. Nevertheless, our 
results indicate that the luciferase protection assay provides a good indication of cellular 
viability as increased by expression of small HSPs, either by protection of protein 
synthesis, reactivation of enzyme activity or a combination of both. Previous experiments 
already have shown that both aA-, aB-crystallin and HSP25 can protect cells in clonal 
survival assays (Van den IJssel et al, 1994; Aoyama et al, 1993a; Landry et al, 1989), 
thus showing that their overexpression allows them to proliferate after heat shock. 
However, the luciferase protection assay enabled us to perform fast and accurate analysis 
of protection of cellular viability by small HSPs. 
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The data obtained in these experiments are derived from the combined results of both 
luciferase activity and expression level measurements, each having their own inaccuracy. 
However, the whole set of transfections was performed in duplo, protein expression levels 
were measured using two different sets of antisera and similar results were obtained for the 
concentration-dependent protection in several repeated experiments (data not shown). The 
results show that aB-crystallin is efficient in cellular protection against heat stress at 
significantly lower concentrations than aA-crystallin and HSP25, and that aA(D69S)-
crystallin is at least as efficient as wild type aA-crystallin (Fig. 12). Moreover, the 
previous finding that overexpression of ßB2-crystallin, which exhibits no molecular 
chaperone-like activity, does not provide cellular protection (Van den IJssel et al, 1994), 
could be confirmed with the luciferase protection assay. 
Combining the results of the in vitro and in vivo protection experiments reveals several 
differences. Firstly, aB-crystallin is much more effective in vivo than in vitro relative to 
aA-crystallin and HSP25, and the two-fold higher activity of HSP25 over aA-crystallin in 
vitro is not reflected in vivo. Secondly, the diminished in vitro chaperone-like activity of 
aA(D69S)-crystallin is not observed in vivo. Recent experiments have provided evidence 
for the importance of the in vitro molecular chaperone-like activity in the protection of 
cells against heat shock, a-crystallin was found to bind proteins in their first stage of 
denaturation (Das et al., 1996) and HSP25 was shown to create a reservoir of folding 
intermediates for reactivation through binding of an increasing number of cellular proteins 
upon heat shock (Ehrnsperger et al., 1997). The results of the luciferase assay are 
consistent with such a mechanism, because overexpression of small HSPs does not prevent 
heat-induced inactivation of over 99% of the initial luciferase activity, but allows the 
activity to reappear during recovery, either by protein synthesis or reactivation. However, 
since the relative levels of protection by aA-, aB-crystallin and HSP25 in the luciferase 
and the insulin assay do not correlate, the in vitro chaperone activity as measured by the 
insulin assay cannot solely be responsible for the protection as observed in the luciferase 
assay. It might be of relevance to this conclusion to assess if aA-, aB-crystallin and 
HSP25 show a difference in substrate-dependent binding capacity. Evidence for such 
dependency has recently been obtained in vitro for HSP18.1, a dodecameric small HSP 
from pea (Lee et ai, 1997). Nevertheless, the exact mechanism of protection of luciferase 
activity by small HSPs in the used assay remains unclear, but is likely to be a combination 
of chaperone-like activity and additional properties of small HSPs. 
An important property in this respect might be the stabilization of microfilaments and 
intermediate filaments in the cell by small HSPs. Dependent on the severity of the 
treatment and the type of cell, actin filaments can be destroyed and intermediate filaments 
collapse upon heat shock (reviewed by Laszlo, 1992). HSP27 was found to be responsible 
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for cellular survival through stabilization of the actin filament network in Chinese hamster 
fibroblasts (Lavoie et al, 1993a), which is regulated by its phosphorylation (Lavoie et al, 
1995). In vitro both aA- and αΒ-crystallin can prevent aggregation of actin filaments 
(Bennardini et al, 1992) and its cytochalasin D-induced depolymerization (Wang and 
Spector, 1996). Furthermore, intermediate filament assembly is affected by aA- and aB-
crystallin (Nicholl and Quinlan, 1994). In addition, aB-crystallin binds to desmin, can 
prevent its aggregation in vitro (Bennardini et al, 1992) and is co-localized with desmin in 
cardiac myocytes (Leach et al, 1994). Moreover, aB-crystallin adopts a striped pattern in 
neonatal cardiac myocytes upon heat shock, suggesting that heat stress induces its binding 
to cytoskeletal elements (Van de Klundert et al, 1997). Finally, aggregates of aB-crystallin 
and intermediate filament proteins exist in human degenerative pathologies (Lowe et al, 
1992; Renkawek et al, 1994b; Iwaki et al, 1989). Although these data suggest the 
involvement of small HSPs in maintenance of cytoskeletal integrity, they cannot be used to 
provide an explanation for our results until the importance of the different cytoskeletal 
elements for protein synthesis and reactivation has been established. 
Nevertheless, the fact that aB-crystallin performance is better than that of αΑ-crystallin in 
cellular stress protection seems logical for the in vivo situation, where, in contrast to αΑ-
crystallin, aB-crystallin expression is stress-inducible and related to various diseases. 
Moreover, we demonstrated that protection by aB-crystallin is more efficient than 
protection by HSP25. Thus, despite lower expression levels of aB-crystallin compared to 
those of HSP25 in many tissues (Inaguma et al, 1995), these results suggest that the 
presence of aB-crystallin may be just as important for cellular stress protection. On the 
other hand, the different expression patterns of aB-crystallin and HSP25 (Inaguma et al., 
1995) imply specific functions for these proteins. Given the situation in a vital organ such 
as heart, where the level of aB-crystallin exceeds that of HSP25, such function of aB-
crystallin might be to supply large scale, instant stress protection. Our data provide 
evidence that aB-crystallin indeed could be more effective in such a task than HSP25. 
However, more data are required to get a better insight into the cellular processes involved 
in specific stress protection by the different small HSPs. 
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ABSTRACT 
aA-, aB-crystallin and HSP25 all have the capacity to prevent heat or chemically induced protein 
aggregation in vitro, the so-called molecular chaperone-like activity Furthermore, these proteins 
can protect cells against heat shock, although they do not show equal efficiencies in this respect 
(Chapter 3) The different patterns of aA-, aB-crystallin and HSP25 with regard to tissue 
distribution, stress inducibility and pathological expression suggest different stress-related functions 
for these proteins in vivo In search for different in situ properties of aA-, aB-crystallin and 
HSP25/27 we compared the influence of heat shock on the solubility, oligomenzation and nuclear 
localization and their effect on cellular recovery from nuclear protein aggregation We found that 
the three small HSPs display similar heat-induced insolubilization kinetics and a corresponding shift 
in complex size However, in contrast to HSP25, aA- and aB-crystallin show a much lower 
tendency to enter the nucleus upon heat shock Although previous data showed that HSP27 
overexpression enhanced the recovery from heat-induced nuclear protein aggregation, we found that 
a Hel a cell line overexpressing αΑ-crystallin does not show this effect, implying a specific role for 
HSP25/27 in the nucleus 
INTRODUCTION 
The mammalian small heat shock protein HSP25/27' is related to aA- and aB-crystallin, 
the subunits of the water-soluble complex α-crystallin in the vertebrate eye lens (Ingolla 
and Craig, 1982, Caspers et al, 1995) The finding of aB-crystallin expression in other 
than lens tissues was a breakthrough in crystallin research eventually leading to the 
'mouse HSP25 is the orthologue of human HSP27 
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observation that it functions as a small HSP as well (Bhat and Nagmeni, 1989, Iwaki et al, 
1989, Klemenz et al, 1991b) ccB-crystalhn turned out to be stress-inducible and its 
overexpression provides thermal protection to cells (Aoyama et al, 1993a), as does HSP27 
(Landry et al, 1989) Both of these proteins, as well as aA-crystallin, share the ability to 
suppress heat or chemically induced aggregation of proteins in vitro (Horwitz, 1992, Jakob 
et al, 1993, Merck et al, 1993a) аВ-crystallin and HSP25 each have their own tissue-
specific and developmental expression pattern (Inaguma et al, 1995, Gemold et al, 1993, 
Haynes et al, 1996) Moreover, both proteins are found to be increased under various 
pathological conditions (Iwaki et al, 1989, Renkawek et al, 1994b, Renkawek et al, 
1994a, Hitotsumatsu et al, 1996) Although the non-lenticular expression of αΑ-crystallin 
is more restricted (Kato et al, 199la) and has not been reported to be stress-inducible, we 
have found that αΑ-crystallin retains the property to confer cellular thermoresistance 
(Chapter 2) 
aA-, aB-crystallin and HSP25/27 both in vitro and in vivo form 400-800 kDa- sized 
polymeric complexes consisting of one or more types of subumts, thus indicating their 
structural equivalence (reviewed by Boelens and De Jong, 1995) However, in various cell 
lines low molecular weight forms of HSP25/27, but not аВ-crystallm, have been found 
(Benndorf et al, 1994, Mehlen and Arrigo, 1994, Kato et al, 1994a), which have been 
demonstrated to result from dissociation of the complex after its phosphorylation (Kato et 
al, 1994b, Lavoie et al, 1995) Upon heat stress HSP27 and аВ-crystallm partially 
redistribute from the non-ionic detergent-soluble fraction to the insoluble fraction (Arngo 
et al, 1988, Inaguma et al, 1992, Voorter et al, 1992, Kato et al, 1993b) In the case of 
HSP27 this process was shown to be accompanied by a large increase in complex size 
(Arrigo et al, 1988), but phosphorylation did not mediate insolubilization (Lavoie et al, 
1995) Recently, the formation of such large IISP25 aggregates has been demonstrated in 
vitro to be the result of its chaperone-like activity the binding of large amounts of 
denaturing proteins (Ehrnsperger et al, 1997) Furthermore, a function for IISP27 during 
recovery from heat shock was found to be the accelerated recovery from nuclear protein 
aggregation (Kampinga et al, 1994) Whether this function is correlated with its heat-
induced nuclear translocation (Arrigo et al, 1988) remains unclear 
We have found that аВ-crystallin is the most efficient small HSP in protecting cells against 
heat stress, while HSP25 showed the highest activity in the in vitro assay (Chapter 3) We 
therefore concluded that chaperone-like activity and the capacity to protect cells against 
heat stress are not directly related, indicating the involvement of other activities of the 
small HSPs in cellular stress protection In search for such properties we investigated the 
influence of heat stress on solubility, complex size and intracellular localization of α A-, 
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aB-crystallin and HSP25/27 using stably transfected HeLa cell lines, constitutively 
overexpressing aA- or aB-crystallin together with the endogenous HSP27. Here we present 
evidence that heat-induced insolubilization of aA-, aB-crystallin and HSP27 is similar, but 
in contrast to HSP25, the tendency of aA- and aB-crystallin to enter the nucleus is much 
smaller. Based on this result, we present data indicating that the function of HSP27 in 
recovery from nuclear protein aggregation is not shared by α-crystallins. Furthermore, we 
show that during recovery from heat shock soluble native aA-, aB-crystallin and HSP27 
are regained without the need of protein synthesis. On the basis of these results, the 
involvement of chaperone-like activity of small HSPs in cellular protection against heat 
stress is discussed. 
MATERIALS AND METHODS 
Cell culture, transfections and heat shock 
HeLa cells were grown as monolayer cultures at 37°C in DMEM (GibcoBRL, Paisley, 
Scotland) supplemented with 10% fetal bovine serum (GibcoBRL) in the presence of 5% 
C02 unless indicated otherwise. To obtain stably transfected cell lines these cells were 
transfected according to Wigler et al. (1979) using plasmid vectors for expression of α A-, 
aB- or ßB2-crystallin. The vector pECV5aB for expression of aB-crystallin was kindly 
provided by Dr. A. Zantema (Leiden, The Netherlands). In this vector rat aB-crystallin 
cDNA is placed under control of the RSV-promoter. Furthermore, this vector contains a 
hygromycine-resistance cassette to enable clonal selection of stably transfected cells. To 
construct expression vectors for aA- and ßB2-crystallin, аВ-crystallin cDNA was replaced 
by either bovine aA-crystallin or rat ßB2-crystallin cDNA, resulting in pECV5aA and 
pECV5ßB2, respectively. As a control the parent pECV5 vector was used. Stably trans-
fected cell lines were selected in the presence of 200 μg/ml hygromycine (Boehringer, 
Mannheim, Germany). After two weeks of selection this concentration was lowered to 50 
μg/ml. 023 cells, a subclone of the Chinese hamster lung fibroblast cell line CCL39 
(Pouyssegur et al, 1980), were grown like the HeLa cells. Transient transfection of 023 
cells with aA-, aB-crystallin and HSP25 cDNA was performed as previously described for 
CHO cells (Chapter 3). Cells were subjected to a heat shock by submersion of the culture 
dishes into a thermostatted water bath with an accuracy of 0.1 °C. 
Determination of expression levels 
For quantification of expression levels non-stressed transfected HeLa cells were lysed in 
PBS supplemented with 0.1 mM PMSF and 1 μg/ml aprotinine by alternate freezing in 
liquid nitrogen and thawing for three times. After 5 min of centrifugation at 10,000 g and 
4°C the supernatant was used to determine protein concentration in duplo according to 
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Bradford (1976). Approximate quantities of soluble expressed proteins were determined 
after SDS-PAGE and immunoblotting by comparison with known amounts of reference 
protein. For this purpose purified recombinant aA-, aB-crystallin and HSP25 were 
obtained as described (Chapter 3). HSP27 was from StressGen (Victoria, Canada). 
Concentrations of these proteins were determined using a BCA protein assay (Pierce). 
Immunoblots were evaluated using a Bio-Rad GS-670 imaging densitometer and connected 
software to calculate expression levels. Insoluble fractions were analyzed similarly and 
found to contain less than 5% of total sHSP. 
Cell fractionation and gel filtration analysis 
HeLa cells were lysed in non-ionic detergent and fractionated as described previously 
(Voorter et al, 1992). Briefly, cells were lysed at 4°C in a buffer containing 0.5% (v/v) 
Triton X-100, 10 mM TrisCl pH 7.5, 10 mM NaCl, 5 mM MgCl2 and 0.1 mM PMSF and 
centrifuged for 5 min at 10,000 g. Pellets were washed once and subsequently the soluble 
(cytosolic) and insoluble (cytoskeletal/nuclear) fractions were boiled in SDS sample buffer. 
From each sample comparable amounts of the soluble and insoluble fractions, derived from 
the same number of cells, were analyzed by SDS-PAGE and subsequent immunoblotting. 
For gel filtration analysis HeLa cells were lysed at 4°C in a buffer containing 0.5% (v/v) 
Triton X-100, 10 mM TrisCl pH 7.5, 10 mM NaCl, 1 mM MgCl2 and 0.1 mM EDTA and 
subsequently centrifuged for 20 min at 20,000 g. Supernatants were loaded on a Superóse 6 
HR 10/30 prepacked size exclusion column (Pharmacia, Uppsala, Sweden) equilibrated in 
the same buffer without Triton X-100. Fractions eluting from the column were 
concentrated by precipitation with 7% (v/v) TCA and analyzed by immunoblotting after 
SDS-PAGE. 
Gel electrophoresis and immunoblotting 
SDS-PAGE was performed according to Laemmli (1970). For immunoblotting, proteins 
were electrotransferred to nitrocellulose (Towbin et al, 1979). The primary antisera for 
detection of aA- or aB-crystallin were raised in rabbits against bovine lens aA-crystallin 
and LAP70 (a synthetic peptide of 13 residues corresponding to the C-terminus of 
mammalian aB-crystallins, kindly provided by Dr. J. Horwitz, UCLA, CA, USA), 
conjugated to keyhole limpet hemocyanin, respectively. ßB2-crystallin was detected using a 
specific antiserum against bovine ßB2-crystallin (also from Dr. J. Horwitz). All antisera 
were used in a dilution of 1:2000. To detect HSP27 a monoclonal antibody was used 
(StressGen, Victoria, Canada) as recommended by the supplier. Staining was performed 
using alkaline phosphatase conjugated to anti-rabbit (Promega, Madison, WI, USA) or anti-
mouse (Dako, Denmark) IgG antisera according to the protocol of the manufacturer. 
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Isolation of nuclei and flow cytometry analysis 
HeLa cells were trypsinized and resuspended in DMEM supplemented with 10% fetal 
bovine serum. After 5 min of centrifugation at 800 g cells were washed three times in PBS 
followed by washing three times in a detergent buffer (1% (v/v) Triton X-100, 80 mM 
NaCl, 10 mM EDTA) to isolate nuclei. Nuclei, free of major cytoplasmic contaminations 
as judged by phase-contrast microscopy, were then washed two times in a buffer containing 
10 mM TrisCl pH 7.4, 10 mM NaCl, 5 mM MgCI2 and 0.1 mM PMSF. All procedures 
were done on ice. Nuclei were used for immunofluorescence, prepared for immunoblot 
analysis by boiling in SDS sample buffer or, alternatively, stained with 3 μg/ml FITC and 
35 μg/ml PI (propidium iodide) for 16 h at 4°C. Stained in this way, nuclei (10,000) were 
analyzed on a Becton Dickinson FACS-Star flow cytometer. The relative nuclear protein 
content was determined by computing the mean of the FITC fluorescence distribution of 
the nuclei from heated cells and dividing it by that of the nuclei isolated from non-heated 
cells. PI staining was used as a control for possible cell cycle changes during the treatment 
(Roti Roti et al., 1986). 
Indirect immunofluorescence 
Cells on glass cover slips were washed twice with PBS, fixed in ice-cold methanol/acetone 
and air dried. The primary antibodies for detection of otA-, aB-crystallin and HSP25 were 
the monoclonal antibody against rat αΑ-crystallin Cr.I-1 (Hendriks et al., 1988), a 
monoclonal antibody against chicken/newt aB-crystallin (Sawada et al., 1993), (a kind gift 
from Dr. G. Eguchi, Tokyo, Japan), and a polyclonal antiserum against mouse HSP25 (a 
kind gift from Dr. A. Zantema, Leiden). Secondary antisera were a FITC- and Texas Red-
conjugated antiserum against rabbit and mouse IgGs (DAKO, Denmark), respectively. 
Double label experiments were performed by consecutive incubation of fixed cells with 
primary and secondary antibodies in PBS, the monoclonale first. Cover slips were washed 
three times in PBS after each incubation and finally washed once in distilled water, once in 
methanol and air-dried. 
Isolated nuclei from HeLa cells were fixed in 3.7% formaldehyde for 1 h at room 
temperature. The nuclei were then blocked in TBST-milk (10 mM TrisCl pH 8.0, 150 mM 
NaCl, 0.05% (v/v) Tween-20, 5% (w/v) milk powder) and subsequently incubated with the 
monoclonal antibody against αΑ-crystallin and the FITC-conjugated secondary antiserum 
(described earlier) for 1 h each in TBST-milk. Finally, nuclei were washed twice in TBST, 
once in 70% ethanol, spread on glass cover slips and air dried. 
Cover slips were then prepared for confocal laser microscopy by mounting in a solution of 
10% mowiol (Calbiochem, La Jolla, CA, USA) in 0.1 M TrisCl pH 8.5, 25% glycerol and 
2.5% azide as an antifading agent. Slides were evaluated using a Bio-Rad MRC 1000 
confocal laser scanning microscope equipped with a Кг/Ar laser and COMOS software. 
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Images were collected using the double channel option for FITC and Texas Red or the 
single channel option for FITC only. 
RESULTS 
Isolation and characterization of stably transfected HeLa cell lines 
HeLa cells having endogenous expression of HSP27 were transfected to overexpress aA-
or aB-crystallin. Two stably transfected cell lines were isolated and designated aA14 and 
aB18 for overexpression of aA- or aB-crystallin, respectively. Control cell lines having no 
overexpression of α-crystallins were also isolated. By quantitative immunoblotting the 
expression levels of aA-, aB-crystallin and HSP27 in both cell lines were determined (data 
not shown). aA- and aB-crystallin turned out to be expressed at levels of approximately 
10 and 1 ng per μg soluble cellular protein in aA14 and aB18 cells, respectively. The 
endogenous level of HSP27 was 2 ng/^g protein for all cell lines. 
Solubility 
Heat-induced insolubilization of aA-, aB-crystallin and HSP27 in cultured cells was 
compared with that of ßB2-crystaIlin, which also is a very stable, water-soluble protein 
(Horwitz et al, 1986), but forms only dimers, has no chaperone-like activity and cannot 
protect cells against heat stress (Chapter 2 and 3). For this purpose a HeLa cell line stably 
transfected to overexpress rat ßB2-crystallin was used in addition to the aA14 and aBI8 
cell lines. Cells were subjected to heat treatments, fractionated and analyzed by 
immunoblotting (Fig. 1). In non-stressed cells all proteins analyzed mainly appear in the 
soluble fraction. However, already after 10 min of heat shock a considerable part of the 
small HSPs is found in the insoluble fractions, being about 50% after 20 min and still 
increasing when cells are treated for longer times. No difference in insolubilization 
behavior was observed between the different small HSPs. In contrast, ßB2-crystallin 
remains in the soluble phase and even after a heat treatment of 120 min only a minor part 
appears in the insoluble fraction. Thus, in addition to aB-crystallin and HSP27, now aA-
crystallin turns out to exhibit similar heat-induced insolubilization kinetics. Moreover, 
compared to that of a non-chaperone stable protein, ßB2-crystallin, insolubilization of 
small HSPs is a rapid process. 
In another experiment the solubility of small HSPs during recovery from heat shock was 
investigated. HeLa aB18 cells were allowed to recover for up to 8 h at 37°C, after which 
they were fractionated and analyzed by immunoblotting (Fig. 2). The results show that 
after 2 h of recovery the amount of аВ-cryslallin in the insoluble fraction starts to diminish 
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and has disappeared after 8 h. Simultaneously, the amount of aB-crystallin in the soluble 
fractions increases. To exclude that this result is due to synthesis and degradation of aB-
crystallin in the soluble and insoluble fraction, respectively, the experiment was repeated in 
the presence of cycloheximide to inhibit protein synthesis during recovery. Now cells from 
the ctA14 and aB18 cell lines were subjected to a similar heat shock and allowed to 
recover for 6 h in the absence or presence of increasing concentrations of cycloheximide. 
Simultaneously, non-stressed cells were incubated with cycloheximide as a control. Like 
for aB-crystallin, αΑ-crystallin and HSP27 have largely disappeared from the insoluble 
fractions after a 6 h recovery (Fig. 3A/B, lane 6). Addition of cycloheximide during 
recovery does not influence this process (Fig. 3, lanes 7-10). Furthermore, cycloheximide 
alone does not effect the solubility of the small HSPs (Fig. 3, lanes 11-12). Thus, during 
recovery from heat shock small HSPs resolubilize from the insoluble fraction showing 
similar kinetics. Moreover, this process is independent of protein synthesis. 
0 10 20 40 60 120 min at 44.5°C 
Fig. 1. Specific insolubilization of small HSPs in HeLa cells after heat shock. Cells 
overexpressing αΑ-crystallin (A), aB-crystallin (B), or ßB2-crystallin (С) were subjected to heat 
shock at 44.5CC for the times indicated. The overexpressed aA-, aB- and ßB2-crystallins and the 
endogenous HSP27 in soluble (s) and insoluble (i) fractions are detected by immunoblotting after 
SDS-PAGE. Blot С was not stained for HSP27, because this protein has a similar electrophoretic 
mobility as ßB2-crystallin. 
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Fig. 2. Solubility of aB-crystallin in HeLa cells upon recovery after heat shock. Cells 
overexpressing aB-crystallin were subjected to a heat shock of 20 min at 44.5°C and allowed to 
recover for the times indicated. Soluble (s) and insoluble (i) fractions were analyzed by 
immunoblotting after SDS-PAGE. 
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Fig. 3. Resolubilization of small HSPs in HeLa cells during recovery after heat shock: 
influence of cycloheximide. Cells overexpressing aA- or aB-crystallin (panels A and B, 
respectively) were subjected to a heat shock of 20 min at 44.5°C and immediately harvested (lanes 
3,4) or allowed to recover for 6 h at 37°C (lanes 5-10). Alternatively, cells were left at 37°C as a 
control (lanes 1,2,11,12). Immediately after the heat shock 1 μg/ml (lanes 7,8) or 10 μg/ml (lanes 
9,10) cycloheximide was added. Control cells were also incubated for 6 h with cycloheximide 
(lanes 11,12). Soluble (s) and insoluble (i) fractions were analyzed by immunoblotting after SDS-
PAGE. aA-, aB-crystallin and HSP27 are indicated. 
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Complex size 
Size distribution of aA-, aB-crystallin and HSP27 was analyzed by gel filtration of the 
soluble phase of HeLa cells subjected to different treatments. aA- and aB-crystallin from 
non-treated cells elute in fraction 12 (Fig. 4), as does native bovine lens a-crystallin (data 
not shown). After heat shock aB-crystallin already elutes in fraction 8 and also aA-
crystallin is seen in fractions of a higher molecular weight than in control cells. After 6 h 
of recovery both crystalline still elute in fractions of a higher molecular weight than 
crystallins from non-treated cells. HSP27 was analyzed separately in control cells and 
found to display a similar heat-induced size distribution as demonstrated for aB-crystallin 
(data not shown). Neither aA-, aB-crystallin nor HSP27 was found in low molecular 
weight fractions. However, due to the low detection level of HSP27 in these experiments, 
this may easily have been missed. Nevertheless, these results allow the conclusion that aA-
and aB-crystallin in cultured cells, like HSP27, redistribute to very high molecular weight 
fractions upon heat shock and 6 h after recovery this process is only partially reversed. 
aA-crystallin aB-crystallin 
fraction nr. 8 9 10 11 12 13 14 15 16 8 9 10 11 12 13 14 15 16 
HS 
HS 
+ 
Fig. 4. Size distribution of aA- and aB-crystallin in HeLa cells after heat shock and recovery. 
Cells overexpressing aA- and aB-crystallin as indicated were left at 37°C for control (C), subjected 
to a heat shock of 20 min at 44.5°C (HS) or allowed to recover for 6 h at 37°C after a similar 
treatment (HS+R). After fractionation the soluble phase was analyzed by gel filtration (Superóse 
6B) and a-crystallins were detected by SDS-PAGE and subsequent immunoblotting. Fraction 
numbers are indicated. Water-soluble fraction from bovine lens was used as marker. Oligomeric a-
crystallin complexes eluted in fraction 12 whereas fractions 15/16 correspond with monomeric γ-
crystallins (data not shown). 
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Fig. S. Intracellular distribution of αΑ-, аВ-crystalIin and HSP25 in transiently transfected 
023 cells after heat shock. Immunofluorescent patterns of confocal midsections of 023 cells 
overexpressing aA-crystallin and HSP25 (Α-F) or аВ-crystallin and HSP25 (G-L) two days after 
transfection are shown. Cells were left at 37°C for control (A,D,G,J) or subjected to a heat shock at 
44.5°C for 20 min (Β,Ε,Η,Κ) or 40 min (C,F,I,L). Cells were doubly labeled as described in 
Materials and Methods. Panels show the Texas Red signal from aA-crystallin (A,B,C), the Texas 
Red signal from аВ-crystallin (G,H,1), or the FITC signal from HSP25 (D,E,F,J,K,L). Bars are 10 
μπι. 
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Intracellular redistribution ofaA-, aB-crystallin and HSP25 
Since HSP27 has been reported to be localized in the nucleus after heat shock (Arrigo et 
al, 1988) and both α-crystallins show insolubilization kinetics and size distributions 
similar to HSP27, we decided to investigate the intracellular distribution of these proteins 
after heat shock using indirect immunofluorescence analysis. For this purpose we 
transiently co-transfected 023 cells to overexpress either aA- or aB-crystallin together 
with HSP25. Transfected cells were subjected to a heat shock and analyzed by confocal 
laser scanning microscopy (Fig. 5). Both in control and heat-treated cells α A- and aB-
crystallin mainly colocalize with HSP25 in the cytoplasm (Fig. 5, panels A/D and Gli). 
The faint nuclear staining observed in control cells is most likely due to non-specific 
background, as neighboring non-transfected cells show this signal too. When cells are 
subjected to a heat shock, the cytoplasmic staining remains. However, the nuclear staining 
for HSP25 is now almost as intense as its cytoplasmic staining (Fig. 5, panels E,F,K,L). In 
contrast, the nuclear staining for aA- or aB-crystallin in the same cells remains at 
background levels (Fig. 5, panels B,C,H,I), although a slight increase cannot entirely be 
excluded. Nevertheless, aA- and aB-crystallin do not enter the nucleus to the same extent 
as HSP25 upon heat shock. 
Recovery from nuclear protein aggregation 
A possible function of HSP27 that could be related to its heat-induced nuclear translocation 
has been investigated by Kampinga et al. (1994), who found that elevated levels of HSP27 
caused an accelerated recovery from heat-induced nuclear protein aggregation in a stably 
transfected 023 cell line. Our finding that α-crystallins do not as much translocate into the 
nucleus upon heat shock, would thus imply that these proteins do not share this function 
with HSP27, if indeed nuclear translocation is required for this function. We investigated 
this by using the HeLa aA14 cell line, because the level of aA-crystallin overexpression in 
these cells is comparable to that of HSP27 in the reported 023 cell line. Since no HeLa 
cell lines overexpressing similar levels of aB-crystallin or HSP27 were available, only aA-
crystallin was studied in this experiment. Both normal and thermotolerant cells from a 
HeLa control cell line (stably transfected with the parent vector) were used as control. 
Cells were made thermotolerant by a heat shock of 15 min at 44°C, 5 h prior to use in the 
experiment. After heat shock and recovery of cells, nuclei were isolated and thoroughly 
washed to remove all soluble protein. Then the relative FITC-signal was determined as an 
indication of the aggregated nuclear protein content (Fig. 6). In control cells the FITC-
signal is doubled upon heat shock and only very slowly decreases during recovery. 
Thermotolerant cells show a smaller increase of the FITC-signal immediately after the heat 
treatment and their recovery is very fast. Already after 2 h their nuclear protein content is 
back to normal levels. Overexpression of aA-crystallin seems to cause an additional 
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increase of the initial FITC-signal and recovery is just as slow as in control cells, thus 
indicating a different behavior as observed for HSP27. 
rel. FITC signal 
2,5 -, 
0,5 -I 1 1 1 1 1 1 1 1 1 
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time at 37°C after 1h 44°C (h) 
Fig. 6. Influence of αΑ-crystallin overexpression in HeLa cells on recovery from nuclear 
protein aggregation. FITC-signal of isolated nuclei from HeLa control and thermotolerant cells or 
cells overexpressing αΑ-crystallin after a heat shock of 60 min at 44°C relative to that of non-
treated cells as a function of recovery time. Results from two experiments were averaged. Error 
bars represent standard deviation. 
aA-, aB-crystallin and HSP27 in isolated nuclei 
a-crystallins, like HSP27, were shown to redistribute from the soluble to the insoluble 
cytoskeletal/nuclear fraction during heat shock (Fig. 1). Yet, we found no evidence that 
these proteins, in contrast to HSP25, enter the nucleus upon this treatment. This prompted 
us to investigate the heat-induced redistribution of a-crystallins in whole cells and in 
isolated nuclei. Using indirect immunofluorescence we found that αΑ-crystallin in the 
HeLa aA14 cell line, like in 023 cells, does not translocate into the nucleus upon heat 
shock (Fig. 7, A,B). Nevertheless, we do find a translocation to the nucleus when only 
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isolated nuclei are observed. However, the translocation seems to occur onto rather than 
into the nucleus (Fig. 7, C-Ε), although the exact location relative to the nuclear envelope 
remains unclear. Simultaneously, we analyzed nuclear redistribution of aA-, aB-crystallin 
and HSP27 by immunoblotting as shown in Fig. 8. Nuclei do not contain aA-, aB-
crystallin or HSP27 in non-stressed cells, but with increasing heat stress more aA-, aB-
crystallin or HSP27 is found redistributed to the isolated nuclear fraction. 
Taking together the results of the immunofluorescence studies and the analyses of isolated 
nuclei, we conclude that all members of the small HSP family studied show a partial 
translocation to the nucleus upon heat shock. However, whereas aA- and aB-crystallin 
remain located at the nuclear border, much more HSP25 can be observed within the 
nucleus. 
Fig. 7. Heat-induced redistribution of αΑ-crystallin in Mel.a cells. Immunofluorescence patterns 
of HeLa cells overexpressing αΑ-crystallin (A,B) or nuclei isolated from those cells (C-Ε) stained 
for αΑ-crystallin. Cells were treated for 0 (A) or 40 (B) min at 44.5°C, then stained. Nuclei were 
isolated from cells treated for 0 (C) or 40 (D,E) min at 44°C and stained. Α-D are confocal 
midsections, E was obtained after projection of the whole Z-scan from the same nucleus as shown 
in D. Bars are 10 μπι (Α,Β) and 5 μπι (C-Ε). 
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Fig. 8. Analysis of аА-, аВ-crystallin and HSP27 in isolated nuclei from HeLa cells after heat 
shock. Immunoblot after SDS-PAGE of isolated nuclei from HeLa cells overexpressing аА- and 
аВ-crystallin as indicated by the name of the cell lines, ocA14 and aB18, respectively. Cells were 
treated for 0, 30 or 60 min at 44°C as indicated. Equal numbers of nuclei were loaded on each 
lane. The overexpressed аА- and аВ-crystallin were detected in nuclei from their respective cell 
line, whereas the endogenous HSP27 was detected in nuclei from both cell lines. Purified аА-, аВ-
crystallin and HSP25 were used as marker (M). For control, whole cells (C) were loaded next to 
the isolated nuclei. 
DISCUSSION 
Solubility and complex size 
Solubility kinetics of аА-, аВ-crystallin and HSP27 upon heat shock and during recovery 
turned out to be very similar. Thus, like аВ-crystallin and HSP27 (Voorter et ai, 1992; 
Arrigo et ai, 1988; Kato et ai, 1993b) aA-crystallin is found in the soluble fraction in 
non-stressed cells and is redistributed to the detergent-insoluble fraction in a stress dose-
dependent manner. Moreover, in non-stressed cells аА-, аВ-crystallin and HSP27 display 
similar complex sizes equal to that of native lens a-crystallin, thus confirming previously 
reported results for аВ-crystallin in rat heart, brain and retina (Chiesa et al, 1990). 
Furthermore, аА- and аВ-crystallin show comparable heat-induced redistribution to very 
high molecular weight fractions (Fig. 4), as has been shown for HSP27 (Arrigo et al, 
1988). After 6 h of recovery nearly all of the аА-, аВ-crystallin or HSP27 is soluble again 
(Fig. 3). However, at that moment not all of these proteins have returned to their native 
complex size (Fig. 4). In contrast to previous reports, demonstrating a small effect of 
cycloheximide on resolubilization during recovery after heat shock (Arrigo et al, 1988), 
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we found no significant influence of cycloheximide on resolubilization of either ccA-, aB-
crystallin or HSP27 (Fig. 3). Thus, by showing that resolubilization during recovery is 
independent of protein synthesis, our results imply that the same aA-, aB-crystallin or 
HSP27 complexes undergo in- and resolubilization during heat shock and recovery, 
respectively. Moreover, no protein synthesis is necessary for resolubilization. 
Heat-induced insolubilization of aA-, aB-crystallin and HSP27 in situ is very rapid, 
starting immediately after temperature elevation and reaching levels of 50% after about 20 
min (Fig. 1). Apparently, the presence of these small HSPs in a cellular system is required 
for insolubilization, since the purified proteins in vitro remain perfectly soluble at 44°C 
(Chapter 3). In addition to the observation that in situ heat-induced insolubilization of ßB2-
crystallin is much slower, this suggests that chaperone-like activity plays a role in heat-
induced insolubilization of aA-, aB-crystallin and HSP27. Analysis of the in vitro 
chaperone-like activity of α-crystallin has revealed that it specifically binds non-native 
unfolding intermediates that only occur during the denaturation pathway (Das and 
Surewicz, 1995a). Furthermore, only proteins with a very low degree of unfolding turn out 
to be captured (Das et al., 1996). These findings suggest that heat-induced intracellular 
denaturation of proteins immediately causes their capture by small HSPs, resulting in the 
observed shift of aA- and аВ-crystallin to very high molecular weight fractions (Fig. 4). 
Due to the low ratio between small HSPs and substrate proteins, these aggregates then 
become insoluble as has been demonstrated in vitro (Smulders et al., 1995b). Thus, 
according to this model complex size first increases upon binding of denaturing proteins 
and subsequently the aggregates become insoluble. 
Small HSPs are not known to actively refold their substrates by ATP hydrolysis (Jakob et 
al., 1993). Since we do observe a regeneration towards normal complexes during recovery, 
this suggests that other molecular chaperones might be involved in refolding of the 
denatured proteins captured by small HSPs or that degradation of those proteins could play 
a role in the release of native small HSP complexes. Recent data obtained in vitro with 
HSP25 (Ehmsperger et al., 1997) are completely in agreement with our results. These 
authors show that a variety of proteins bind to HSP25 upon incubation of a soluble cell 
lysate under heat shock conditions. Furthermore, they show that purified HSP25 traps 
unfolding intermediates of citrate synthase in a folding-competent state, which upon 
incubation with HSP70 and ATP arc again refolded. Similar results have been obtained 
with HSP 18.1, a dodecameric small HSP from pea (Lee et al, 1997). They confirm our 
model in which small HSPs bind to denaturing proteins resulting in larger complexes that 
finally become insoluble, and during recovery present their substrate proteins for refolding 
by ATP-dependent molecular chaperones. Moreover, our results suggest that aA- and aB-
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crystallin share these functions with HSP25 and they thus illustrate the importance of 
chaperone-like activity for the function of small HSPs in cellular stress protection. 
In addition to the random binding of unfolding proteins, insolubilization of small HSPs 
upon heat shock may also be caused by specific binding to cytoskeletal elements. Such a 
binding has been observed in vitro to intermediate filaments (Nicholl and Quinlan, 1994) 
and in the beaded filaments of the eye lens (Carter et al, 1995). Furthermore, heat shock 
induces sarcomeric staining of aB-crystallin and HSP25 in neonatal cardiac myocytes. A 
colocalization with the I-band is observed indicating interactions with actin (Van de 
Klundert et al, 1997). Likewise, heat-induced binding of aB-crystallin to actin and desmin 
has been demonstrated in vitro (Bcnnardini et al, 1992). Moreover, aggregates of aB-
crystallin and intermediate filament proteins exist in human degenerative pathologies (Lowe 
et al, 1992; Renkawek et al, 1994b; Iwaki et al, 1989). Although we do not observe 
specific cytoskeletal decoration by small HSPs in HeLa and 023 cells after heat shock 
(Figs. 5 and 7), such a binding cannot be excluded. Insolubilization via nuclear localization 
is discussed below. 
Intracellular localization and role in nuclear protein disaggregation 
Our results show that aA- and aB-crystallin, when overexpressed in 023 cells, do not 
translocate into the nucleus as much as HSP25 upon heat shock (Fig. 5). This confirms the 
same observation recently made in neonatal cardiac myocytes (Van de Klundert et al, 
1997). The reason for this difference and the way of transport into the nucleus of HSP25 
are as yet unclear. Usually proteins are transported into the nucleus via active transport 
using their nuclear localization signal (NLS). The 70 kDa heat shock protein (HSP70), 
which has an NLS (Dang and Lee, 1989) but is normally located in the cytosol, proves that 
this can even be a heat-inducible process (Welch and Feramisco, 1984). However, no 
clusters of more than two basic amino acids are observed in each of the aA-, aB-crystallin 
or HSP25 primary sequences, thus there is no indication for the existence of an NLS. 
Furthermore, localization of HSP70 after heat shock is restricted to the nucleus, whereas 
HSP25 is equally distributed among cytoplasm and nucleus (Fig. 5). Although active 
transport of HSP25 cannot be excluded, these data might suggest that HSP25 enters the 
nucleus by diffusion. The nuclear pore allows diffusion of small proteins into the nucleus, 
although this can be quite slow. A 17 kDa protein is equilibrated within 2 min whereas a 
44 kDa protein needs 30 min to be equilibrated between cytoplasm and nucleus (Bonner, 
1978). This indicates that monomeric HSP25 indeed can diffuse into the nucleus within the 
20 min of a heat shock. The fact that phosphorylation of HSP27 induces dissociation of 
low molecular weight HSP27 from the complex (Kato et al, 1994b) and the finding of 
phosphorylated HSP27 in the nucleus (Kim et al, 1984) supports the idea of diffusion as 
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the way of nuclear transport of HSP25/27, induced by its phosphorylation. Although aB-
crystallin is also partially phosphorylated upon heat shock (Chapter 5), this protein does not 
dissociate upon heat stress in rat diaphragm tissue, where HSP27 does (Kato et al., 1994a), 
which could explain the absence of аВ-crystallin in the nucleus. 
The nature and significance of the aA-crystallin bound to the nucleus remains unclear. 
Although cytoskeletal proteins are known to collapse on the nucleus and small HSPs may 
bind to these collapsing proteins, Voorter et al. (1992) reported that аВ-crystallin does not 
collapse with vimentin filaments after treatment with colchicine. Alternatively, the 
chaperone-like activity of u-crystallins might be involved in binding to partially unfolded 
nuclear membrane proteins. Our solubilization experiments indicate that this nuclear bound, 
insoluble aA-, аВ-crystallin or HSP27 is released as a soluble complex into the cytoplasm 
upon recovery. 
Kampinga et al. (1994) observed that nuclear protein aggregation decreased more rapidly 
during recovery after heat shock in 023 cells overexpressing HSP27, although they do not 
report specific nuclear localization of HSP27. Since we found HSP25 to be localized in the 
nucleus after heat shock in the same cell type, it is likely that the nuclear translocation of 
HSP27 is responsible for this activity, although the protective effect of HSP27 at another 
level of cellular activity cannot be excluded. However, our observation that aA-crystallin, 
which does not enter the nucleus, is not able to provide accelerated recovery from nuclear 
protein aggregation, could indicate that nuclear localization is important for the activity of 
HSP27 to accelerate protein disaggregation. The significance of this specific property of 
HSP25 remains unclear; it is apparently not involved in protecting cells against heat-
induced loss of protein synthesis, since we have found that cc-crystallins are at least as 
efficient as HSP25 in this respect (Chapter 3). 
Physiological significance 
In search for properties of aA-, аВ-crystallin and HSP25/27 that could explain their 
assumed different functioning in stress protection, we found major similarities in heat-
induced insolubilization kinetics, but differences in nuclear translocation. aA-crystallin 
expression has not been reported to be stress-inducible under conditions that do induce 
expression of аВ-crystallin and HSP27 (Head et al., 1994). Furthermore, this protein is 
hardly expressed outside the lens and its heat-induced phosphorylation is very low (Chapter 
5). Thus, aA-crystallin does not act like a real stress protein despite its ability to protect 
cells against heat stress (Chapter 2 and 3). These data suggest that especially the common 
properties of aA-, аВ-crystallin and HSP25/27 are involved in cellular heat stress 
protection, at least in the cellular systems we used. One such property is the observed 
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insolubilization during heat stress and recovery, for which the involvement of molecular 
chaperone-like activity has been discussed. This suggests that this activity is indeed 
involved in stress protection in vivo, although we have also proved that there is no direct 
relation between chaperone-like activity and cellular thermoprotection (Chapter 3). 
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Phosphorylation of аВ-crystallin and HSP27 is induced by similar 
stressors in HeLa cells 
Paul R.L.A. van den Ussel, Perry Overkamp, Hans Bloemendal and Wilfried W. de Jong 
ABSTRACT 
Three members of the small heat shock protein family, aA-, аВ-crystallin and HSP27, can provide 
cells with thermoresistance upon their overexpression. Phosphorylation of HSP27 as well as the 
molecular chaperone-like activity of these small HSPs are thought to be important for this in situ 
functional activity. Here, we investigated the influence of heat and other kinds of stress on the 
phosphorylation of aA-, аВ-crystallin and HSP27 in stably transfected HeLa cells. We found that 
аВ-crystallin, like HSP27, is phosphorylated by the same inducers, although the level of its 
phosphorylation remains lower. In contrast, heat-induced phosphorylation of aA-crystallin is very 
low and even absent when other stressors are used. 
INTRODUCTION 
aA- and аВ-crystallin are structurally and functionally related to the small heat shock 
protein HSP25/27' (Merck et al, 1993a; Caspers et al., 1995). They form large, 
oligomeric complexes and, in addition to their in vitro molecular chaperone-like activity, 
they share the ability to protect cells against heat stress (Landry et ai, 1989; Aoyama et 
al, 1993a; Van den IJssel et al, 1994). Apart from the excessive expression of a-
crystallins in the eye lens, аВ-crystallin, in contrast to aA-crystallin, is found in many 
other tissues, as is HSP25 (Kato et al, 1991a; Inaguma et al, 1995). Phosphorylation of 
HSP25/27 is a reversible process, which can be induced by mitogens, differentiating agents 
and many different kinds of stress (for an overview see Chapter 1, Table 7). In contrast, 
aA- and аВ-crystallin are constitutively phosphorylated in the eye lens (Spector et al, 
1985; Takemoto, 1996). Furthermore, part of the аВ-crystallin in degenerative brain 
disease has also been found to be phosphorylated (Mann et al, 1991). 
'mouse HSP25 is the orthologue of human HSP27 
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The involvement of HSP27-phosphorylation in protection of cells against heat stress has 
been demonstrated (Lavoie et al, 1995). Evidence has been obtained that HSP27 acts 
through stabilization of microfilaments, which is controlled by its phosphorylation. In 
addition, phosphorylation of HSP25/27 is suggested to be correlated with levels of 
oligomerization (Benndorf et al, 1994; Mehlen and Arrigo, 1994; Lavoie et al, 1995) by 
inducing dissociation of the complex (Kato et al, 1994b). Whereas phosphorylation may 
be important in cellular thermoresistance, it appears to have little or no effect on 
chaperone-like activity (Van Boekel et al, 1996; Knaufe/ al, 1994). The observation that 
both aA- and αΒ-crystallin can provide cells with thermoresistance, prompted us to 
investigate their stress-induced phosphorylation in comparison to that of HSP27. Using 
stably transfected HeLa cell lines constitutively overexpressing aA- or ocB-crystallin 
together with the endogenous HSP27, we determined the influence of heat and chemical 
stress as well as various other agents known to affect HSP27-phosphorylation, on the 
phosphorylation of aA-, aB-crystallin and HSP27 in situ. Evidence is obtained that stress-
induced phosphorylation of aB-crystallin and HSP27 is similar, whereas aA-crystallin is 
not phosphorylated by most treatments. These data show that stress-induced phospho­
rylation of α-crystallins is different from their constitutive phosphorylation in the eye lens. 
MATERIALS AND METHODS 
Cell culture, metabolic labeling and immunoprecipitation 
HeLa cells were grown and heat-treated as described in Chapter 4. Prior to labeling, HeLa 
cells were starved for 24 h in serum-free medium, washed and incubated in serum- and 
phosphate-free MEM (ICN, Costa Mesa, CA, USA) for another 15 min. Labeling was 
started by addition of 100 цСі/тІ 32P-orthophosphate (Amersham, UK). To correct pH 
values for absence of C0 2 during labeling, 10 mM Hepes pH 7.2 was added. Immediately 
after labeling cells were rinsed with cold PBS, kept on ice, and lysed in 1 ml of NP-40 
lysis buffer (0.5% (v/v) NP-40, 50 mM TrisCl pH 7.5, 100 mM KCl, 1 mM EDTA, 1 mM 
DTE, 1 μg/ml aprotinine and 0.5 mM PMSF) for 15 min. Lysis was completed by scraping 
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cells off the plates and freezing in liquid nitrogen. Alternatively, if cells had been subjected 
to a heat shock, they were scraped off the dish in PBS, collected as a loose pellet and lysed 
by resuspension in 50 μΐ SDS lysis buffer (1% (w/v) SDS, 10 mM TrisCl pH 7.5, 100 mM 
KCl, 1 mM EDTA, 1% (v/v) ß-mercaptoethanol) and subsequent incubation at 100°C for 3 
min. The volume was then adjusted to 1 ml with NP-40 lysis buffer. Cell lysates were 
clarified by 10 min of centrifugation at 10,000 g and 4°C. Subsequently, protein concen-
tration of the supernatant was determined using a BCA protein assay (Pierce, Rockford, IL, 
USA). Volumes representing equal amounts of protein were then adjusted to 950 μΐ with 
NP-40 lysis buffer and the NaCl concentration was raised to 400 mM using a 5 M NaCl 
stock solution. 
Protein Α-agarose beads (Kern en Tec, Copenhagen, Denmark) were prepared for 
immunoprecipitation of small HSPs by mixing a 10% (v/v) suspension of beads in 
immunoprecipitation (IP) buffer (NP-40 lysis buffer supplemented with 400 mM NaCl) 
with 0.1 volume of one of the polyclonal antisera directed against aA- or aB-crystallin for 
16 h at 4°C. The antisera were raised in rabbits against bovine lens ccA-crystallin and 
LAP70 (a synthetic peptide of 13 residues mimicking the C-terminus of mammalian ctB-
crystallins, kindly provided by Dr. J. Horwitz, UCLA, conjugated to Keyhole Limpet 
Hemocyanin), respectively. Then beads were washed three times with IP-buffer and added 
to the labeled cell lysates in a final concentration of 1.5% (v/v). After mixing for 16 h at 
4°C beads were washed again three times with IP-buffer. Proteins were separated by one 
dimensional SDS-PAGE after boiling the beads in SDS sample buffer. Purified aA-, aB-
crystallin and HSP25 were radioiodinated in 50 mM phosphate buffer pH 7.4 with l 2 5I as 
described (Fraker and Speck, 1978) for use as markers. Non-incorporated 125I was removed 
by gel filtration to reach specific activities of 2-3 μCi/μg protein. Gels were dried and 
exposed to X-ray film with an image intensifying screen for 14 days. 
Gel electrophoresis and immunoblotting 
One-dimensional SDS-PAGE was performed according to Laemmli (1970). For two-
dimensional gel electrophoresis, samples were prepared by lysis of cells in sample buffer 
(2.3% (w/v) SDS, 62.5 mM TrisCl pH 6.8, 10% (v/v) glycerol, 1 % (w/v) DTE) and 
subsequent sonification for 30 sec. After fractionation soluble samples were separated 
essentially as described by O'Farrell (1975). 
For immunoblotting after one- or two-dimensional gel electrophoresis, proteins were 
elcctrotransferred to nitrocellulose (Towbin et al, 1979). The primary antisera for detection 
of aA- or aB-crystallin were the same as described for immunoprecipitations. To detect 
HSP27 a monoclonal antibody was used (StressGen, Victoria, Canada). Blots were stained 
using alkaline phosphatase conjugated to anti-rabbit (Promcga, Madison, WI, USA) or anti-
mouse (Dako, Denmark) IgG antisera according to the protocol of the manufacturer. 
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RESULTS 
The HeLa <xA14 and aB18 cell lines (described in Chapter 4) were used to compare the 
phosphorylation of aA- and ccB-crystallin with that of HSP27 upon different kinds of 
stress. Because HSP27 phospho-isoforms are observed in HeLa cells kept in presence of 
serum (Mehlen and Arrigo, 1994), cells were deprived of serum for 24 hours to achieve a 
less phosphorylated state of the HSP27 present. To investigate the phosphorylation of aA-, 
aB-crystallin and HSP27 cells were then treated with serum, subjected to a heat shock or 
kept in serum-free medium for control. Immediately after these treatments cells were 
harvested and analyzed by immunoblotting after two-dimensional gel electrophoresis (Fig. 
1). By consecutive staining for α-crystallins and HSP27 these proteins and their isoforms 
could be localized on the same blot. Phosphorylation of ctA-crystallin is not observed 
under the conditions analyzed, although HSP27 is phosphorylated in the same cells. The 
spot indicated by X' most likely is a truncation product of αΑ-crystallin (Van Kleef et al, 
1976). Phosphorylated aB-crystallin has been identified by comparison with a similar 
immunoblot loaded with bovine lens α-crystallin, which contains both non- and mono-
phosphorylatcd forms of aA- and aB-crystallin (data not shown). The aB-crystallin 
isoform between a and b could be a deamidation product of aB-crystallin (Groenen et al., 
1993) or the result of protein degradation in which the C-terminal lysine has been 
removed. The form designated X" probably is the result of a specific truncation, which has 
been observed before in the eye lens (Van Kleef et al, 1976) and in neonatal cardiac 
myocytes (Van de Klundert et al, 1997). The isoform pattern of HSP27 is similar to 
previously reported data obtained in HeLa cells (Mehlen and Arrigo, 1994; Landry et al, 
1992) indicating that b and с represent the mono- and diphosphorylated isoforms of 
HSP27. The intensity of the two spots between a and b remains rather constant relative to 
the unphosphorylated isoform. These spots are therefore not likely to represent stress-
induced phosphorylated isoforms and their identity thus remains unclear. Finally, 
comparison of the HSP27 isoform pattern with the αΑ-crystallin isoforms in the afore 
mentioned bovine α-crystallin immunoblot revealed that the spot designated b is the 
monophosphorylated isoform of HSP27. 
Evaluation of the spots by densitometry revealed that the amount of phosphorylated HSP27 
is about 5% in control cells. After addition of serum this level is raised to 15% and upon 
heat shock almost 30% of HSP27 is phosphorylated. aB-crystallin phosphorylation is low: 
less than 1% after serum starvation and increased to 5% and 10% after addition of serum 
or upon heat shock, respectively. 
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Fig. 1. Phosphorylation of <*A-, аВ-crystallin and HSP27 in HeLa cells upon serum addition 
and heat shock. Immunoblots after two-dimensional gel electrophoresis of cell lysates from 
different HeLa cell lines starved for 24 h on serum-free medium (Control) and subsequently treated 
for 2 h with 15% fetal bovine serum (Serum) or heat-shocked for 20 min at 44.5°C (HS). Cell lines 
were HeLa aA14 and HeLa aB18 as indicated, overexpressing aA- and аВ-crystallin, respectively. 
Spots representing aA-, аВ-crystallin and HSP27 isoforms are indicated. Non-phosphorylated 
¡soforms are indicated a, whereas b and с spots represent mono- and diphosphorylated isoforms, 
respectively. The spots designed by X are described in the text. Acidic and basic sides are 
indicated. 
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Fig. 2. Phosphorylation of αΑ-, аВ-crystallin and HSP27 in HeLa cells under various 
treatments. Autoradiographs of phosphoproteins immunoprecipitated from HeLa control cells 
(A/B, lane 3), HeLa rxA14 cells overexpressing aA-crystallin (A, all other lanes) or HeLa aB18 
cells overexpressing аВ-crystallin (B, all other lanes). Antisera used were pre-immune (А/В, lane 
2) or against αΑ-crystallin (A, all other lanes) and аВ-crystallin (B, all other lanes). Cells were 
serum starved for 24 h and then labeled with 32P-orthophosphate for 2 h (А/В, lanes 1-5), 30 min 
(А/В, lanes 6-9) or 20 min (А/В, lanes 10-11). During labeling cells were treated to induce 
phosphorylation with 100 μΜ arsenite (Ars; А/В, lanes 2-4), 10 μξ/τη\ cycloheximide (CH; A/B, 
lane 5), 100 ng/ml PMA (A/B, lane 7), 40 U/ml interleukine la (IL; A/B, lane 8), 1 μg/ml okadaic 
acid (OA; A/B, lane 9), by heat shock for 20 min at 44.5°C (HS; A/B, lane 11) or not treated for 
control (C; A/B, lanes 1, 6, 10). Iodinated αΑ-crystallin and HSP25 (A, lanes M) or аВ-crystallin 
and HSP25 (B, lanes M) were used as markers as indicated. 
To compare the phosphorylation of αΑ- and аВ-crystallin with that of HSP27 upon other 
stimuli, cells from the aA14 and aB18 cell lines were metabolically labeled with 3 2 P-
orthophosphate during the phosphorylating stimulus. Subsequently, α-crystallins were 
isolated via immunoprecipitations and phosphorylated proteins were detected by autoradio­
graphy after SDS-PAGE. In this way a whole series of different stimuli was tested, ranging 
from chemical stress (arsenite), protein synthesis inhibition (cycloheximide) and tumor 
promotion (phorbol ester and okadaic acid) to cytokine exposure (interleukine l a ) and heat 
shock, all of which have been reported to induce HSP25/27 phosphorylation in different 
cellular systems (Crête and Landry, 1990; Welch, 1985; Kasahara et al., 1993; Saklatvala 
et αι., 1991; Chrétien and Landry, 1988) (Fig. 2). Although immunoprecipitated with 
antisera against αΑ- and аВ-crystallin, respectively, a second phosphorylated protein is co-
precipitated, which has the same electrophoretic mobility as the iodinated HSP25 marker. 
Because HSP25/27 is known to form mixed complexes with αΑ- and аВ-crystallin in vitro 
and in situ (Zantema et al., 1992; Merck et al., 1993a) and co-immunoprecipitation with 
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aB-crystallin has been reported (Kato et al., 1992), we conclude that these bands represent 
phosphorylated endogenous HSP27 that is part of the otA- or aB-crystallin complex. 
Control cells, not stimulated for phosphorylation during 2 h of labeling, already show a 
certain background level in which phosphorylated aB-crystallin and HSP27, but no aA-
crystallin is visible (Fig. 2A/B, lane 1). Apparently, there is a considerable basal level of 
phosphorylation of these proteins in spite of serum deprivation. This is confirmed by the 
observation that the background level is much lower in cells labeled for only 30 or 20 min 
instead of 2 h (cf. Fig. 2A/B, lanes 1, 6 and 10). Cells stimulated with arsenite but 
immunoprecipitated with pre-immune serum do not show phosphorylated proteins (Fig. 
2A/B, lane 2), indicating the specificity of the immunoprecipitations. In arsenite-treated 
control cells expressing no aA- or aB-crystallin a small amount of phosphorylated HSP27 
is precipitated with the antiserum against αΑ-crystallin (Fig. 2A, lane 3), indicating some 
cross-reactivity against HSP27. Nevertheless, the amount of phosphorylated HSP27 
precipitated in aA14 cells after arsenite treatment is significantly larger (Fig. 2A, lane 4), 
demonstrating that most of the phosphorylated HSP27 is co-precipitated with the unlabeled 
αΑ-crystallin. This is supported by the fact that the antiserum against aB-crystallin does 
not show this cross-reactivity (Fig. 2B, lane 3). 
The co-precipitated and phosphorylated HSP27 visible on the autoradiograph (Fig. 2), may 
not represent the total amount of phosphorylated HSP27, because phosphorylation of 
HSP27 has been reported to induce dissociation of the complex (Kato et al, 1994b; Lavoie 
et al, 1995). Moreover, complexes consisting of aB-crystallin and HSP27 have been seen 
to dissociate upon heat shock (Zantema et al, 1992). Consequently, this dissociated HSP27 
might not be co-precipitated with aA- or aB-crystallin. Therefore, HSP27 bands in Fig. 2 
should not be considered for quantitative estimates. Although an increase of phosphorylated 
HSP27 is observed upon heat shock or treatment with arsenite, cycloheximide or PMA 
(Fig. 2A/B, lanes 4, 5, 7, 11), the actual level of phosphorylation may therefore be higher. 
None of the chemical treatments results in phosphorylation of αΑ-crystallin (Fig. 2A, lanes 
4, 5, 7, 8, 9). In contrast, phosphorylation of aB-crystallin seems to be increased, although 
not much, by arsenite, cycloheximide and PMA (Fig. 2B, compare lanes 4, 5, 7 with lanes 
1,6). Interleukine la and okadaic acid do not induce phosphorylation of either α A-, aB-
crystallin or HSP27 (Fig. 2A/B, lanes 8, 9). Apparently the responsible kinases in HeLa 
cells are not activated by these agents in the concentration used. Heat shock, however, does 
increase phosphorylation of both α A- and aB-crystallin (Fig. 2A/B, lane 11). Although 
seeming to contrast with those of the two-dimensional immunoblots, this latter result can 
be explained by considering that αΑ-crystallin expression is about 10 times higher in aA14 
cells than aB-crystallin expression in aB18 cells. The relative amount of phosphorylated 
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аВ-crystallin being 10% (Fig. 1) indicates that phosphorylation of aA-crystallin does not 
reach levels over 1%, which is close to the detection level of the immunoblots. The same 
immunoprecipitations show a lower amount of phosphorylated HSP27 than of 
phosphorylated α-crystallins (Fig. 2A/B, lane 11). This confirms the previous notion that 
only part of the phosphorylated HSP27 is co-precipitated with the α-crystallins, since the 
actual HSP27 phosphorylation turned out to be much higher as shown by the two-
dimensional immunoblots (Fig. 1). 
In conclusion, more sensitive detection revealed that aA-crystallin phosphorylation, like 
that of аВ-crystallin and HSP27, can be induced by heat shock. However, the level of 
phosphorylation is very different between the small HSPs, ranging from about 1% to 10% 
and 30% for aA-, аВ-crystallin and HSP27, respectively. Other stimuli do not detectably 
phosphorylate aA-crystallin. In contrast, аВ-crystallin shows a basal level of 
phosphorylation which can be slightly increased by the same stimuli that phosphorylate 
HSP27, although heat shock results in the largest increase of phosphorylated аВ-crystallin. 
DISCUSSION 
Phosphorylation of aA- and аВ-crystallin in the eye lens is pronounced and has been 
extensively studied (reviewed by Groenen et al, 1994). The in vivo phosphorylation site of 
aA-crystallin in the lens is Ser-122 (Voorter et ai, 1986; Chiesa et al, 1987b). For lens 
аВ-crystallin three in vivo phosphorylation sites have been reported, Ser-19, Ser-45 and 
Ser-59 (Chiesa et al, 1987a; Voorter et al, 1989; Smith et al, 1992), the last of which 
corresponds with Ser-78 in HSP27 in an alignment of аВ-crystallin and HSP27 amino acid 
sequences (see Fig. 1 and Table 3 in Chapter 1). This residue is one of the reported 
phosphorylation sites of HSP27, Ser-15, Ser-78 and Ser-82 (Landry et al, 1992), although 
the least phosphorylated of the three. In the lens phosphorylation of aA- and аВ-crystallin 
is a developmental process (Takemoto, 1996) and essentially irreversible, although 
dephosphorylation has been shown to occur in lens epithelium (Chiesa and Spector, 1989). 
Moreover, kinases involved in phosphorylation of α-crystallins in the lens are cAMP-
dependent (Spector et al, 1985). Both αΑ- and аВ-crystallin can be phosphorylated for up 
to 30% in bovine eye lens (Voorter et al, 1986) and no heat-induced phosphorylation of 
α-crystallins is observed in rat lenses in organ culture (De Jong et al, 1986). In contrast, 
we do find in situ stress-induced phosphorylation of аВ-crystallin comparable with that of 
HSP27. On the other hand phosphorylation of aA-crystallin is very low or even absent 
when chemicals were used as stressors. In addition, we only observe a single phospho­
rylated isoform of аВ-crystallin, although a double phosphorylated isoform may be present 
but below the detection level. These data therefore strongly indicate that stress-induced 
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phosphorylation of a-crystallins in cells in culture is different from their constitutive 
phosphorylation in the eye lens, and thus different phosphorylation sites might be involved. 
Moreover, it turns out that aB-crystallin and HSP27, which have a widespread expression 
pattern and are stress-inducible (Inaguma et al., 1995), are phosphorylated by stress, 
whereas the non-stress-inducible αΑ-crystallin, which is mainly expressed in the eye lens, 
is not. This suggests a role for phosphorylation of aB-crystallin and HSP27 in their stress-
related function in vivo. 
The stress- and mitogen-induced phosphorylation of HSP25/27 has been found to be 
regulated via the mitogen-activated-protein-kinase pathway, at one end of which 
MAPKAP-kinase 2 or 3 is responsible for its phosphorylation (Stokoe et al, 1992; 
McLaughlin et ai, 1996). Both the similar phosphorylation pattern of aB-crystallin and 
HSP27 and the fact that one of the reported phosphorylation sites of aB-crystallin, Ser-59, 
fulfills the consensus for phosphorylation by MAPKAP-kinase 2 (HXRXXSXX where H is 
an hydrophobic, bulky residue, (Stokoe et al., 1993), would suggest that the observed 
stress-induced phosphorylation of aB-crystallin is regulated via a similar pathway. 
However, in vitro aB-crystallin could not be phosphorylated by MAPKAP-kinase 2 (Knauf 
et al, 1994, A. Clifton and P. Cohen, pers. comm.), indicating that other stress-induced 
kinases might be involved. Furthermore, the rate of its heat-induced phosphorylation is 
much lower than that of HSP27, but this may also be due to a lower number of 
phosphorylation sites in aB-crystallin. The heat-induced phosphorylation of αΑ-crystallin, 
although very low, remains peculiar, since other inducers have no effect. One can think of 
a specific heat-induced kinase for which a low affinity phosphorylation site is present in 
αΑ-crystallin. Otherwise, a phosphorylation site in αΑ-crystallin might become more 
accessible when the structure of the oligomeric complex opens up during the elevated 
temperature (Chapter 3). Furthermore, autophosphorylation cannot be excluded (Kantorow 
and Piatigorsky, 1994), which in vitro is also a very low efficiency process (2%), but no 
data are available about its temperature dependency. 
Phosphorylation of HSP27 has been reported to be involved in stabilization of actin 
filaments during stress and is therefore thought to be important for its function in cellular 
protection against heat stress (Lavoie et al, 1993b; Benndorf et al, 1994; Lavoie et al., 
1995). However, others report that phosphorylation of HSP25 is not important for this 
function (Knauf et al., 1994). Recently, it has been found that phosphorylation of 
HSP25/27 is only important for cellular protection in anchorage-dependent growing cells 
(E. Hickey, pers. comm.), providing an explanation for this discrepancy. Apparently, 
depending on the cell type, either the chaperone function or the actin modulation function 
may be of greater importance in stress protection. We have found that a-crystallins are as 
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efficient as HSP25 in protecting the protein synthesis machinery of CHO cells against heat 
stress, but that their chaperone-like activity cannot only be responsible for this in situ 
activity (Chapter 3). We show here that the level of heat-induced phosphorylation of ctB-
crystallin is lower than that of HSP27 and that αΑ-crystallin is hardly phosphorylatcd in 
cultured cells. This suggests that phosphorylation of the small HSPs is not a likely 
candidate to explain the discrepancy between their chaperone-like activity in vitro and their 
protection of CHO cells against heat stress in situ (Chapter 3). Moreover, these data 
support the involvement of chaperone-like activity for cellular protection against heat 
stress. 
In addition, our data confirm that phosphorylation is not involved in heat-induced 
insolubilization (Lavoie et al, 1995), since ccA-, αΒ-crystallin and HSP27 show similar 
kinetics in this respect (Chapter 4). It remains unclear whether phosphorylation is involved 
in heat-induced nuclear translocation. Both aB-crystallin and HSP27 are phosphorylated, 
but only HSP27 translocates into the nucleus upon heat stress (Chapter 4, Van de Klundert 
et al, 1997) suggesting that phosphorylation is not involved. Although no data are 
available about the mechanism of nuclear translocation of small HSPs, the phosphorylation-
induced dissociation of HSP27 might play a role (Kato et al, 1994b). It will be interesting 
therefore to assess if aB-crystallin displays a similar behavior. 
The similar stress-induced phosphorylation of aB-crystallin and HSP27 suggests a 
comparable role for their phosphorylation in vivo. Recently, in vitro experiments have 
shown that lens aA- and aB-crystallin, like HSP25/27, are involved in stabilization of 
microfilaments in a phosphorylation-dependent manner (Wang and Spector, 1996). 
However, the phosphorylated forms of aA- and aB-crystallin show a decreased protection 
against cytochalasin D-induced depolymerization of actin compared to their non-
phosphorylated isoforms. This suggests different effects of phosphorylation of aA-, aB-
crystallin and HSP27 on their interaction with microfilaments. Moreover, this report deals 
with constitutively phosphorylated aA- and aB-crystallin isoforms isolated from bovine 
lenses, which might be different from stress-induced isoforms. Hence, more experimental 
data are required to elucidate the differences between stress-induced and constitutive 
phosphorylation of aA-, aB-crystallin and HSP27 and their effect on microfilament 
stabilization. 
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SUMMARY 
αΑ- and αΒ-crystallin were discovered and studied as subunits of α-crystallin, one of the 
abundant, structural eye lens proteins. They contribute to the high refractive properties of 
the lens and to its transparency. The α-crystallins not only share sequence homology with 
small heat shock proteins (HSPs) but also display similar structural properties and 
chaperone-like activities: their ability to prevent aggregation of other proteins in vitro. In 
addition, expression of both αΑ- and aB-crystallin in tissues other than the lens was 
discovered. Moreover, expression of aB-crystallin turned out to be stress-inducible and its 
upregulation was sometimes associated with pathological conditions. Thus, α-crystallins are 
now recognized structurally as well as functionally as members of the small HSP family 
(Chapter 1). 
This thesis deals with functional aspects of three members of the mammalian small HSP 
family, αΑ-, aB-crystallin and HSP25/27. Their structural and functional similarities in 
vitro and their specific expression patterns suggest related, but different functions in vivo. 
Overexpression of each of these small HSPs in tissue culture cells, revealed both 
differences and similarities in their functional behavior in situ. The physiological relevance 
of these results remains to be elucidated, since in some experiments the small HSPs were 
expressed at very high levels or in non-natural host cells. Furthermore, the severity of the 
stress conditions and treatments applied to cells is not likely to occur in cells in vivo. 
Nevertheless, the use of these artificial cellular systems and treatments provided the 
technical means to study the behavior of small HSPs in a cellular background rather than 
using purified proteins under standardized conditions in vitro. 
The main purpose of the research described in this thesis was to correlate the in vitro 
chaperone-like activity of αΑ-, aB-crystallin and HSP25 with their function as stress 
proteins in the cell. In vivo, aA-crystallin expression is virtually restricted to the eye lens 
and is not stress-inducible or upregulated under pathological conditions unlike the 
expression of aB-crystallin and HSP25/27. Despite this lack of stress protein-like behavior, 
we have found that aA-crystallin shares the ability of aB-crystallin and HSP25/27 to 
provide cellular thermoresistance upon its overexpression in cells (Chapter 2). Apparently, 
similarities, not differences, in the structural design of the three small HSPs determine this 
functional property. Furthermore, this observation supported the suggestion that chaperone-
like activity of small HSPs is involved in protection of cells against heat shock. 
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To assess whether this in vitro activity might be directly related to the capacity of these 
proteins to protect cells against heat stress, we performed a quantification of both activities 
for aA-, aB-crystallin and HSP25 (Chapter 3). For this purpose, we developed an assay in 
which the increase of luciferase activity in cells after heat shock is a measure for the in situ 
protective activity of the small HSPs. Using this assay, aB-crystallin was effective at much 
lower expression levels than αΑ-crystallin and HSP25. In vitro however, HSP25 turned out 
to be most efficient in preventing reduction-induced aggregation of insulin at physiological 
temperatures, followed by aB- and then αΑ-crystallin. In addition, we demonstrated that a 
mutant of αΑ-crystallin, aA(D69S), has diminished chaperone-like activity, but does not 
display a decreased cellular thermoprotection. Thus, in vitro chaperone-like activity of 
small HSPs does not directly correlate with their ability to provide cellular 
thermoprotection, although these results do not exclude that chaperone-like activity is 
involved. 
In fact, additional experiments do support the idea that chaperone-like activity of small 
HSPs is important in cells during heat shock. When present in cells during hyperthermia 
aB-crystallin and HSP25/27 undergo rapid insolubilization. Evidence has earlier been 
obtained in vitro for HSP25 that the chaperone in this process binds partially denatured 
cellular proteins and the resulting aggregate then becomes insoluble. We demonstrated that 
αΑ-crystallin, when overexpressed in HeLa cells, shows heat-induced insolubilization 
kinetics similar to those of aB-crystallin and HSP27 (Chapter 4). Furthermore, upon 
recovery both aA-, aB-crystallin and HSP27 resolubilize without the requirement of 
protein synthesis. These results strongly suggest that chaperone-like activity is involved in 
heat-induced intracellular insolubilization of small HSPs. In addition to the chaperone-
involved insolubilization, HSP27 has been shown to translocate into the nucleus upon heat 
shock. By co-expression of either α A- or aB-crystallin with HSP25 we showed that the a-
crystallins remain largely cytoplasmic, whereas HSP25 is equally distributed along the 
cytoplasm and the nucleus after heat stress. Moreover, evidence has been obtained 
suggesting that overexpression of αΑ-crystallin does not induce an accelerated decrease of 
nuclear protein aggregation during recovery after heat shock as has been demonstrated for 
HSP27 (Chapter 4). Hence, these results relate the nuclear localization of HSP27 to this 
specific functional property. 
Transient phosphorylation of HSP25/27 is induced by heat shock and many other kinds of 
stress or treatment of cells with agents affecting growth or differentiation, dependent on the 
cell type. aA- and aB-crystallin both can be constitutively phosphorylated in the lens. 
When overexpressed in HeLa cells, aB- but not αΑ-crystallin is phosphorylated by the 
same treatments as HSP27, although the level of its phosphorylation remained lower 
(Chapter 5). Furthermore heat shock did induce phosphorylation of αΑ-crystallin, but only 
Summary 127 
at a very low level. Thus, stress-induced phosphorylation of a-crystallins is different from 
their phosphorylation in the eye lens. Moreover, these results indicate a specific role for 
phosphorylation in stress protection, since only αΒ-crystallin and HSP25/27 are 
phosphorylated, whereas αΑ-crystallin, which shows no stress protein-like behavior in vivo, 
is not. Finally, phosphorylation of small HSPs does not seem to be involved in their heat-
induced insolubilization, although a role of phosphorylation in the nuclear translocation of 
HSP25 cannot be excluded. 
In summary, we observed a correlation between in vitro and cellular activities of small 
HSPs. There were, however, differences between the relative chaperone activities measured 
in the cellular and in vitro assays. For instance HSP25 revealed the highest activity in 
preventing the aggregation of insulin, whereas aB-crystallin was most effective in 
protecting luciferase activity in the cell-based assay. This discrepancy cannot be explained 
in terms of either the heat-induced phosphorylation or intracellular localization of small 
HSPs. Other yet unknown activities may play a role here. Our cellular data demonstrate 
that there is no clear correlation between the extent of small HSP phosphorylation and their 
capacity to protect cellular viability, and thus correspond with published in vitro data about 
the influence of phosphorylation on chaperone-like activity. 
It is tempting to speculate that the observed difference in cellular protection efficiency 
between aB-crystallin and HSP25 is reflected in vivo in various tissues such as lens, heart 
and muscle. In these biological systems, undergoing continuous stress, the evolutionary 
process to optimize protein function has chosen to upregulate aB-crystallin more than 
HSP25. This would fit within our observation that aB-crystallin is the more efficient 
protein for stress protection. It does not, however, provide an explanation for the fact that 
aA-crystallin is mainly restricted to the eye lens nor does it explain the higher expression 
of HSP25/27 compared to aB-crystallin in many other tissues. aA-crystallin might have 
other properties that make this protein highly suitable for a specific function in the lens or 
less suitable to function as a stress protein in other tissues. This is supported by the much 
lower expression of HSP25/27 in the lens than aA-crystallin compared to their similar 
cellular protection efficiency. In the case of HSP25/27, the described nuclear localization 
and increased phosphorylation in response to stress as compared to aA- and aB-crystallin 
must be considered important in assessing the proposed role of HSP25/27 in growth and 
differentiation. However, our present knowledge fails to fully understand the significance 
of these features. 

SAMENVATTING 
De ooglens is een hoog ontwikkeld orgaan dat zorg draagt voor een juiste breking van het 
licht op het netvlies. α-Crystalline is een van de eiwitten die in hoge concentraties in de 
lens voorkomen en is opgebouwd uit aA- en aB-crystalline. De aanwezigheid van a-
crystalline draagt bij aan de lichtbrekende en lichtdoorlatende eigenschappen van de lens. 
De aminozuursequentie van beide α-crystallines is homoloog aan die van de kleine heat 
shock eiwitten (HSP27 bij de mens). Bovendien vertonen ze ook in structureel en 
functioneel opzicht overeenkomsten. Ze hebben allemaal de eigenschap om aggregatie van 
denaturerende eiwitten te voorkomen door deze bijtijds te binden. Dit wordt hun 
chaperonne-achtige activiteit genoemd. Behalve in de ooglens komen aA- en aB-
crystalline net als HSP25/27 ook in andere weefsels voor. Verder kan de expressie van aB-
crystalline onder stressvolle omstandigheden worden gestimuleerd en wordt een toename 
van aB-crystalline gevonden als gevolg van met name neurodegeneratieve ziektes, a-
Crystallines kunnen nu dus zowel structureel als functioneel als lid van de kleine HSP 
familie worden gezien (Hoofdstuk 1). 
Dit proefschrift gaat over functionele eigenschappen van drie leden van de kleine HPS 
familie zoals deze bij zoogdieren voorkomen: aA-, aB-crystalline en HSP25/27. Hun 
structurele en functionele gelijkenis in vitro, alsmede hun specifieke expressie-patronen 
suggereren dat deze eiwitten in vivo verwante doch verschillende functies hebben. Door elk 
van de kleine HSP's in weefselkweekcellen tot overexpressie te brengen, werd duidelijk dat 
zij zowel verschillende als overeenkomstige eigenschappen hebben. De fysiologische 
relevantie van deze proeven is wellicht beperkt, omdat in sommige experimenten erg hoge 
overexpressieniveaus werden bereikt en omdat niet-natuurlijke gastcellen werden gebruikt. 
Verder is het niet waarschijnlijk dat cellen in vivo aan zulke zware stress-condities worden 
blootgesteld als in de experimenten met weefselkweekcellen is gedaan. Door het gebruik 
van deze artificiële systemen was het echter mogelijk om het gedrag van de kleine HSP's 
in een cellulaire omgeving te bestuderen in plaats van in vitro met gezuiverde eiwitten 
onder standaard-condities. 
Het belangrijkste doel van het onderzoek dat in dit proefschrift wordt beschreven, was het 
correleren van de in vitro chaperonne-achtige activiteit van aA-, aB-crystalline en HSP25 
aan hun functie als tegen stress beschermend eiwit in de cel. De expressie van aA-
crystalline is in vivo vrijwel volledig beperkt tot de ooglens. Ook wordt de expressie van 
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dit eiwit, in tegenstelling tot die van аВ-crystalline en HSP25/27, niet geïnduceerd door 
stress of ziekte. Desondanks hebben wij gevonden dat overexpressie van aA-crystalline, net 
als аВ-crystalline en HSP25/27, cellen kan beschermen tegen hitte-stress (Hoofdstuk 2). 
Blijkbaar zijn de overeenkomsten en niet de verschillen in de structuur van deze drie kleine 
HSP's belangrijk voor deze functionele eigenschap. Verder ondersteunt dit resultaat de 
mogelijke betrokkenheid van de chaperonne-achtige activiteit van de kleine HSP's bij hun 
eigenschap om cellen tegen hitte-stress te kunnen beschermen. 
Om na te gaan in hoeverre de in vitro activiteit direct gerelateerd kan worden aan de 
capaciteit van deze eiwitten om cellen tegen hitte-stress te kunnen beschermen, is een 
kwantificering van beide activiteiten voor aA-, аВ-crystalline en HSP25 uitgevoerd 
(Hoofdstuk 3). Hiertoe is een methode ontwikkeld, waarbij de toename van luciferase-
activiteit in cellen na de hitte-behandeling een maat is voor de in situ beschermende 
activiteit van de kleine HSP's. In deze assay was аВ-crystalline al bij veel lagere 
expressieniveaus effectief dan aA-crystalline en HSP25. In vitro echter was HSP25 bij 
fysiologische temperaturen het meest efficiënt in het onderdrukken van de aggregatie van 
insuline, dat onder reducerende omstandigheden dissocieert in een oplosbare A-keten en 
een onoplosbare B-keten. аВ-crystalline was iets minder en aA-crystalline nog iets minder 
efficiënt. Bovendien was een mutant van aA-crystalline, aA(D69S)-crystalline, die in vitro 
een verminderde chaperonne-achtige activiteit vertoont, niet minder effectief in de 
luciferase assay. Uit deze experimenten blijkt dus dat de in vitro chaperonne-achtige 
activiteit van de kleine HSP's niet direct correleert met hun capaciteit om cellen te 
beschermen tegen hitte-stress. Deze resultaten sluiten echter niet uit dat chaperonne-achtige 
activiteit toch betrokken is bij de celbescherming. 
Andere experimenten hieromtrent leveren namelijk wel aanwijzingen op dat de chaperonne-
achtige activiteit belangrijk is in cellen tijdens hitte-stress. Uit de literatuur was al bekend 
dat аВ-crystalline en HSP25/27 in cellen tijdens hitte-stress snel onoplosbaar worden. Ook 
is in vitro aangetoond dat HSP25 tijdens dit proces gedeeltelijk ontvouwen cellulaire 
eiwitten bindt, waarbij het ontstane aggregaat uiteindelijk onoplosbaar wordt. In hoofdstuk 
4 is aangetoond dat de snelheid waarmee aA-crystalline dat in HeLa cellen tot 
overexpressie is gebracht, als gevolg van hitte-stress onoplosbaar wordt, gelijk is aan die 
van аВ-crystalline en HSP27. Bovendien worden zowel aA-, аВ-crystalline als HSP27 in 
de herstelperiode weer oplosbaar en is voor dit proces geen eiwitsynthese nodig. Al met al 
zijn deze resultaten sterke aanwijzingen voor de betrokkenheid van de chaperonne-achtige 
activiteit bij het onoplosbaar worden van de kleine HSP's onder invloed van warmte. 
Behalve dat HSP27 onoplosbaar wordt door als chaperonne andere eiwitten te binden, is 
ook bekend dat dit eiwit als gevolg van hitte-stress in de celkern gevonden wordt. Door 
aA- of аВ-crystalline samen met HSP25 tot overexpressie te brengen zijn er nu aan-
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wijzingen dat deze eigenschap specifiek is voor HSP25. aA- en aB-crystalline blijven 
voornamelijk in het cytoplasma, terwijl HSP25 na hitte-stress gelijk wordt verdeeld over 
het cytoplasma en de celkern. Vervolgens is ook de invloed van aA-crystalline op het 
herstel van kemeiwit-aggregatie na hitte-stress bestudeerd. Er zijn sterke aanwijzingen 
verkregen dat overexpressie van aA-crystalline, in tegenstelling tot HSP27, dit proces niet 
versnelt. Dit suggereert dus dat de kemlokalisatie van HSP27 verantwoordelijk zou kunnen 
zijn voor dit effect. 
Fosforylering van HSP25/27 is een bekend verschijnsel na hitte of andere soorten van 
stress. Ook wordt dit, afhankelijk van het celtype, gestimuleerd door stoffen die de groei of 
de differentiatie van cellen kunnen beïnvloeden. Zowel aA- als aB-crystalline worden 
constitutief in de lens gefosforyleerd. In HeLa cellen echter wordt aB-crystalline wel, maar 
aA-crystalline niet gefosforyleerd door behandelingen die wel fosforylering van HSP27 
bewerkstelligen, hoewel de mate waarin aB-crystalline gefosforyleerd wordt lager blijft 
(Hoofdstuk 5). aA-crystalline wordt slechts onder invloed van hitte-stress gefosforyleerd, 
maar dan nog slechts in zeer geringe mate. Het blijkt dus dat de stress-geïnduceerde 
fosforylering van α-crystallines anders is dan hun fosforylering in de lens. Verder zijn deze 
bevindingen een aanwijzing voor een specifieke rol van fosforylering bij stress 
bescherming. aB-crystalline en HSP27 worden namelijk gefosforyleerd, terwijl aA-
crystalline, dat zich in vivo niet als stress-eiwit gedraagt, niet gefosforyleerd wordt. 
Tenslotte kan geconcludeerd worden dat fosforylering niet van invloed is op het 
onoplosbaar worden van kleine HSP's tijdens hitte-stress. Wel is het mogelijk dat 
fosforylering van HSP27 een rol speelt bij het transport naar de celkern. 
Samenvattend kan worden gesteld dat de in dit proefschrift beschreven resultaten een 
correlatie tussen de in vitro en de cellulaire activiteiten van de kleine HSP's bevestigen. Er 
zijn echter verschillen geconstateerd in de relatieve chaperonne-achtige activiteiten zoals 
die in vitro en in cellulaire assays zijn gemeten. HSP25 bijvoorbeeld bleek het meest 
efficiënt in het voorkomen van insuline-aggregatie in vitro, terwijl aB-crystalline het beste 
was in het beschermen van de luciferase-activiteit in cellen. De resultaten van de 
fosforylerings- en lokalisatie-experimenten kunnen deze discrepantie niet verklaren. Het is 
mogelijk dat andere activiteiten hier een rol spelen. Verder bevestigen de met cellen 
verkregen resultaten dat er geen duidelijke relatie is tussen de mate van fosforylering van 
kleine HSP's en hun celbeschermings-capaciteit. Uit in vitro experimenten was een 
dergelijke relatie reeds bekend: fosforylering heeft nauwelijks invloed op de chaperonne-
achtige activiteit. 
Het is verleidelijk om enigszins te speculeren over de verkregen resultaten. Het verschil dat 
is gevonden in de efficiëntie waarmee aB-crystalline en HSP25 cellen kunnen beschermen, 
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wordt in vivo in verscheidene weefsels, zoals de lens, het hart en in spieren, gereflecteerd. 
In deze biologische systemen die onder voortdurende evolutionaire druk staan om de 
functie van eiwitten de optimaliseren, komt aB-crystalline sterker tot expressie dan HSP25. 
Dit zou dan correleren met de bevinding dat aB-crystalline efficiënter is dan HSP25 in 
stress-bescherming. Het kan echter niet verklaren waarom aA-crystalline voornamelijk in 
de lens tot expressie komt en waarom HSP25/27 in vele andere weefsels hoger tot 
expressie komt dan aB-crystalline. aA-crystalline zou wellicht andere eigenschappen 
kunnen hebben, die dit eiwit zo geschikt maken voor zijn functie in de lens of juist minder 
geschikt om als stress-eiwit in andere weefsels te kunnen functioneren. Het feit dat 
HSP25/27 in de lens veel lager tot expressie komt dan aA-crystalline, zou hiervoor een 
aanwijzing kunnen zijn, aangezien beide eiwitten in de celbeschermings-assay een 
vergelijkbare efficiëntie vertonen. De specifieke eigenschappen van HSP25/27 ten opzichte 
van aB-crystalline wat betreft kernlokalisatie en fosforylering zouden wellicht in verband 
gebracht kunnen worden met de vermeende rol van HSP25/27 in groei- en differentiatie-
processen. Onze huidige kennis volstaat echter niet om de precieze betekenis hiervan te 
begrijpen. 
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